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ABSTRACT
One of the great challenges in the twenty-first century is unquestionably energy
storage. In response to the needs of modern society and emerging ecological
concerns, it is now essential to search for new, low-cost, and environmentally
friendly energy conversion and storage systems. The performance of these devices
depends intimately on the properties of their materials. Nanostructured materials
have attracted great interest in recent years because of the unusual mechanical,
electrical and optical properties with which such materials are endowed by their
specific structures. In this work, materials with unique nanostructured morphologies
were prepared, which include germanium, cobalt oxide, manganese oxide, nickel
oxide, and tin-antimony alloy. Carbon sources such as amorphous carbon with added
graphene were also introduced into the materials to form composites. The as
prepared materials have been characterized in terms of their physical properties and
energy storage performance.
Mesoporous and hollow germanium@carbon nanostructures were synthesized
through simultaneous carbon coating and reduction of a hollow ellipsoidal GeO2
precursor. The formation mechanism of GeO2 ellipsoids and the ratio of Ge4+ to Sn4+
in the starting materials were also investigated. Specifically, in a basic solution, the
hydrolysis of Ge4+ and Sn4+ can occur simultaneously to generate insoluble GeO2 and
Sn(OH)4 white precipitates. In order to minimise the free energy, the small
nanoparticles gradually self-assemble to form large ellipsoids. Simultaneously,
gradual dissolution of the Sn(OH)4 templates also takes place due to the basic etching
under continuous ultrasonication. When the reaction time reaches 120 min, GeO2
hollow ellipsoidal structures with well-defined interiors and compact shells are
eventually formed after complete dissolution of the Sn(OH)4. Sn(OH)4 was selected
v

as the template because it has good material compatibility with GeO2 and can slowly
dissolve in a basic solution under continuous ultrasonication, while the GeO 2
precipitate can only dissolve in strong basic or acidic solutions; therefore, in
principle, the hollow structure can be generated as a result of simultaneous etching of
the Sn(OH)4 template. The volume of the hollow interior can also be adjusted by the
reaction time under ultrasonication and the ratio of GeCl4 to SnCl4 in the starting
materials. In order to gain more insight into the effects of the ratio of GeCl4 to SnCl4
as starting materials on the hollow ellipsoid morphology, a series of ratio-dependent
experiments (Ge4+ : Sn4+ = 1:1, 1:0.5, and 1:0, with the resultant samples denoted as
GeO2-1,GeO2-2, and GeO2-3, respectively) were conducted. Compared to the solid
ellipsoidal Ge@carbon (Ge@C-3) sample, the hollow ellipsoidal Ge@C-1 sample
exhibits better cycling stability (100% capacity retention (1285 mAh/g) after 200
cycles at the 0.2 C rate) and higher rate capability (805 mAh/g at 20 C) compared to
Ge@C-3 due to its unique hollow structure; therefore, this hollow ellipsoidal
Ge@carbon can be considered as a potential anode material for lithium ion batteries.
A novel hierarchical star-like form of Co3O4 was successfully synthesized from
self-assembled hierarchical Co(OH)F precursor via a facile hydrothermal method and
subsequent annealing in air. The as-prepared hierarchical Co3O4 material displays
novel star-like microstructures with a diameter of around 11 m along every diagonal
axis, which are made up of bundled porous nanoneedles. The morphological
evolution process of the Co(OH)F precursor was investigated by examining the
different reaction times during synthesis. Firstly, hexagonal plates are formed, and
then nanodiscs grow on the surface of the plates. Subsequently, dissolution and
regrowth of the Co(OH)F occurs to form the star-like hierarchical structures. The
Co3O4 obtained from thermal decomposition of the Co(OH)F precursor in air at 350
vi
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C exhibited high reversible capacity as anode material in lithium ion batteries. The

specific charge capacity of 1036 mAh/g was obtained in the first cycle at the current
density of 50 mA/g, and after 100 cycles, the capacity retention was nearly 100%.
When the current density was increased to 500 mA/g and 2 A/g, the capacities were
995 and 641 mAh/g, respectively, after 100 cycles. In addition, a capacity of 460
mAh/g was recorded at current density of 10 A/g in the rate capability test. The
excellent electrochemical performance of the Co3O4 electrodes can be attributed to
the porous interconnected hierarchical nanostructures, which protect the small
particles from agglomeration and buffer the volume change during the
discharge/charge processes.
A nanocomposite of Mn3O4 wrapped in graphene sheets was successfully
synthesized via a facile, effective, energy-saving, and scalable microwave
hydrothermal technique. The reduction of graphene oxide (GO) and the loading of
Mn3O4 nanoparticles on the graphene sheets occurred simultaneously, which can
avoid the introduction of additional molecular cross-linkers to bridge the
nanoparticles and the graphene matrix. The morphology and microstructures of the
fabricated reduced GO (rGO)-Mn3O4 nanocomposite were characterized using
various techniques. The nanocomposite was then tested in lithium ion batteries and
supercapacitors. The results indicate that the particle size of the Mn3O4 particles in
the nanocomposite markedly decreased to nearly 20 nm, significantly smaller than
for the bare Mn3O4. Electrochemical measurements demonstrated, in terms of lithium
energy storage, a high specific capacity of more than 900 mAh/g at 40 mA/g, and
excellent cycling stability with no capacity decay could be observed up to 50 cycles.
For the supercapacitors, the capacitance value of the rGO(31.6%)-Mn3O4
nanocomposite reached 153 F/g, much higher than that of the bare Mn3O4 (87 F/g) at
vii

a scan rate of 5 mV/s in the potential range from -0.1 V to 0.8 V. A 200% increase in
capacitance was observed for the nanocomposite with cycling at 10 mV/s due to
electrochemical activation and the oxidization of Mn(II,III) to Mn(IV) during cycling,
as verified by X-ray photoelectron spectroscopy. There was no observable
capacitance fading up to 1000 cycles. All of these properties are also interpreted by
experimental studies and theoretical calculations. The facile synthesis method and
good electrochemical properties indicate that the nanocomposite could be an
electrode candidate for energy storage.
Nanocuboid shaped nickel oxide was synthesized using an optical floating zone
furnace. It was found that the nanocuboids exhibit a single crystalline nature and
have clean and sharp edges. Furthermore, the nickel oxide nanocuboids were tested
for their electrochemical performance as anode material for lithium-ion batteries in
coin-type half-cells. The effects of fluoroethylene carbonate additive on the lithium
storage performance were also investigated, which is the first such study for
transition metal oxides. It was found that fluoroethylene carbonate has a positive
effect on the cycling stability and also improves the rate performance of the
nanocuboids. The capacity recorded at 0.1 C (100 mA g-1) after 50 charge/discharge
cycles is 1400 mAh g-1. The nickel oxide nanocuboids could also achieve a very high
rate capability of 12 C (12 A g-1) with capacity of 312 mAh g-1.
SnSb-core/carbon-shell nanotubes directly anchored on graphene sheets (GS) were
synthesized by the hydrothermal technique and chemical vapour deposition (CVD).
The simultaneous carbon coating and the encapsulation of SnSb alloy is effective for
alleviating the volume-change problem both in lithium ion batteries and in sodium
ion batteries. After optimizing the electrolyte for SnSb in the sodium ion batteries,
the optimized coaxial SnSb/carbon nanotube/GS (SnSb/CNT@GS) nanostructures
viii

demonstrated stable cycling capability and rate performance in 1 M NaClO4 with
propylene

carbonate

(PC)

+

5%

fluoroethylene

carbonate

(FEC).

The

SnSb/CNT@GS electrode can retain the capacity of 360 mAh/g for up to 100 cycles,
which is 71% of the theoretical capacity. This is higher than in the other three
electrolytes tested, and higher than that of the sample without the addition of
graphene. The good electrochemical performance can be attributed to the efficient
buffer provided by the outer carbon nanotube layer and the graphene protection from
the agglomeration of SnSb particles, as well as its high conductivity.
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1 INTRODUCTION
The vast exhaustion of fossil fuels undoubtedly has become one of the most urgent
concerns in the 21 st century, and the severe environmental pollution caused by the
gas emissions from the burning of fossil fuels and biomass has also become a very
important issue around the world. As we all know, with the increasing population
and the development of society, there are all sorts of environmental issue emerging
such as global warming and acid rain. Therefore, there is high demand to make
efficient use of energy and to seek renewable and clean energy sources that can
substitute for fossil fuels and solve our air pollution problems to enable the
sustainable development of our society. A few energy sources, including solar
power, hydropower, wind power, nuclear power, tide power, and biopower systems,
have become indispensable in our daily lives. Nevertheless, most of these energy
sources have an intrinsic problem, which is the requirement for energy storage, as
they are likely to be limited by natural conditions. For instance, solar power
significantly relies on the sun and is not even and continuous; nuclear reactors can
provide a constant high energy source but with associated problems of radioactive
waste disposal; tide power is comparatively restricted in location. Therefore, the
energy storage system becomes even more important, and an energy storage system
which can provide high-performance, highly efficient, versatile, and environmentally
friendly utility is imperative to meet the demands of our current situation.
With the popularity of the portable electronic devices and the demand for zeroemission vehicles, batteries and supercapacitors, as electrochemical energy storage
systems exhibit outstanding performance among the various alternative energy
storage technologies. Lithium ion batteries are the most important and widely used
rechargeable battery, with many advantages such as high voltage, high energy
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density, low-self discharge, long cycling life, low toxicity, and flexibility compared
with the traditional lead-acid and Ni-based batteries. The continuous demands for
LIBs with higher power and energy density and longer cycling life, however, are
urgent for equipping new electronic devices and in particular, hybrid electric vehicles
or even all-electric vehicles. The energy density of a battery is mainly determined by
its output voltage and specific capacity, which is intimately related to the electrode
materials, including the cathode and anode materials, and the electrolyte. These
materials are significantly affected by the material strategies and synthesis
techniques. In order to further improve the performance of LIBs, many efforts have
been made in the terms of 1) synthesis of innovative cathode materials with high
voltage; 2) fabrication of nanostructures for anode materials with higher capacity and
longer cycling life; 3) investigation of different types of electrolyte with more stable
and safe properties during charging/discharging processes and at high temperature.
In addition, the sodium ion battery (SIB) has been resurrected as an energy storage
system because of its natural abundance, nontoxicity, and the low price of sodium
sources compared to lithium for LIBs, as well as its potential applications in electric
vehicles (EVs)/hybrid electric vehicles (HEVs) in the future. Sodium intercalation
chemistry is very similar to that of lithium, making it possible to use similar
compounds for both kinds of systems. Na-intercalation chemistry has been explored
considerably less than Li-intercalation, however, and the early evidence indicates
that active materials which do not perform well as Li-intercalation compounds may
work with Na, hence, there may be opportunities to find novel electrode materials for
SIBs.
During my doctoral work, my main focus was on the study of anode materials both
in LIBs and SIBs in terms of the synthesis of the electrodes, the effects of the
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nanostructure on the electrochemical performance, achieving a more profound
understanding of the relationship between the nanostructure and the electrochemical
performance, etc.
The following is a brief overview of the chapters in this thesis:
Chapter 2 presents an extensive literature review on lithium ion batteries and
sodium ion batteries, including a brief history giving the background on both lithium
ion battery and sodium ion battery, the working mechanism of batteries, advantages
and challenges, and a review of the literature on the anode materials.
Chapter 3 presents the overall experimental procedures, the chemicals used, the
synthesis techniques, and the physical and electrochemical characterization methods.
Chapter 4 presents mesoporous and hollow carbon-coated germanium as anode
material for LIBs. The samples were prepared by an initial hydrolysis of GeCl4 and
SnCl4 in a basic solution, followed by the reduction of GeO2 under acetylene and
hydrogen atmosphere. The morphologies of the obtained samples varied, based on
the ratio of GeCl4 to SnCl4 in the starting material. The hollow ellipsoidal Ge@C-1
sample exhibits better cycling stability (100% capacity retention (1285 mAh/g) after
200 cycles at the 0.2 C rate) and higher rate capability (805 mAh/g at 20 C)
compared to Ge@C-3 due to its unique hollow structure; therefore, this hollow
ellipsoidal Ge@carbon can be considered as a potential anode material for lithium
ion batteries.
Chapter 5 studies the crystal growth of hierarchical star-like Co 3O4 and the effects
of its morphology on its electrochemical performance as anode material in LIBs. The
star-like Co 3O4 was synthesized from self-assembled hierarchical Co(OH)F
precursors by a facile hydrothermal method and subsequent annealing in air. The
Co(OH)F was chosen as the precursor because under hydrothermal condition, the
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hierarchical star-like Co(OH)F nanoneedle array can be obtained, and after heat
treatment, the Co(OH)F can be readily oxidised to target product Co 3O4 in the air and
the micro/nanostructures can also be retained after heating. The obtained
nanostructured Co3O4 exhibited high reversible capacity compared to previous
reports due to its unique star-like structure with porous nanoneedle bundles. The
small, interconnected Co3O4 nanoparticles provide fast and efficient transport
pathways for Li ions. The porous structure of the nanoneedles contributes to the high
specific surface area, making the electrochemical reaction with lithium more active,
and the internal pores allow the Co3O4 to effectively buffer the volume change
during the discharge/charge processes. Therefore, this nanostructure can maintain the
integrity of the electrodes during cycling and also maintain the cycling stability of
the electrodes.
Chapter 6 investigates the effects of graphene sheets on the electrochemical
performance of Mn3O4 nanoparticles. The graphene wrapped Mn3O4 nanocomposite
was synthesized by a facile microwave hydrothermal method. The microwave
hydrothermal method, compared with the traditional hydrothermal method, can
increase the kinetics of crystallization by promoting rapid nucleation and growth, as
well as offering great possibilities for large-scale batch reactions; therefore, it can
achieve large energy savings. The Mn3O4 nanoparticles were deposited on and
further anchored on the highly conductive graphene sheets, which not only function
as an ionic and electronic transport medium in the electrode during the cycling, but
could prevent the possible detachment of Mn3O4 from the graphene sheets during
cycling. Therefore, the obtained graphene wrapped Mn3O4 nanocomposite showed
better electrochemical performance in both lithium ion batteries and supercapacitors
than its bare counterpart.
27

Chapter 7 investigates the effects of fluoroethylene carbonate additive on the
lithium storage performance of NiO. This is the first study on transition metal oxides.
The nickel oxide nanocuboids were synthesized using an infrared radiation furnace
equipped with four 300 W tungsten halogen lamps (JIH 100V-300WC-CS). This
technique has been used for the crystal growth of a wide range of materials,
including both congruently and incongruently melting materials, however, the
growth of nanomaterials using such an approach has been rarely reported. The main
advantage of this method is that no crucible is necessary, thus avoiding contaminants
from the crucible. Furthermore, the temperature can be adjusted from room
temperature to 2000°C with a controlled heating area of down to 3 millimetres on the
target. This would give rise to a sharp temperature gradient (about 300°C cm-1),
which is beneficial in nanocrystal synthesis. Furthermore, the nickel oxide
nanocuboids were tested for their electrochemical performance as anode material for
lithium-ion batteries. The electrolyte with added fluoroethylene carbonate (FEC)
when used in the battery was found to have a positive effect on the cycling stability
and rate performance of NiO nanocuboids, compared to that of the electrolyte
without FEC.
Chapter 8 optimizes the SnSb-core/carbon-shell nanotube nanostructures by
adjusting the ratio of flowing gases and the annealing temperature. The optimal
nanostructure is an array of a large number of tube-like nanostructures with
diameters of approximately 100 nm and lengths of about 400 nm that are anchored
on a graphene sheet. The tube presents a coaxially integrated core-shell structure that
is composed of a SnSb core and a carbon nanotube shell. The transmission electron
microscope (TEM) images give evidence that the thickness of the outer carbon shell
is 25 nm and the inner black filler core is SnSb with a diameter of 75 nm. There is a
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tip on the end of the tube, which may have benefits for the accommodation of the
volume expansion of SnSb during the alloying with the sodium. In order to optimize
the electrochemical performance of SnSb in SIBs, four kinds of electrolyte have been
investigated in this work. The samples were found to exhibit stable cycling capability
and rate performance in 1 M NaClO4 with propylene carbonate (PC) + 5%
fluoroethylene carbonate (FEC).
Chapter 9 contains the summary and conclusions of this thesis, and discusses
possible future work following from it and the outlook for energy storage.
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2 LITERATURE REVIEW
2.1
2.1.1

Lithium ion battery
Brief history

Throughout the 1980s, the development of portable electronic devices such as cell
phones, cameras, laptop computers, and so on led to a growing interest in the lithium
ion battery because of its high energy density, high power density, small size, light
weight, environmental friendliness, and greater safety compared to other batteries
available at the time. Without modern energy storage based on the lithium ion
battery, the decade of the smartphone, iPad, and iPod would not have been so
prosperous as it was. Besides, with the vast consumption of fossil fuels, the
deterioration of the environment, and the development of transportation, the thrust
towards energy storage for low and zero emission forms of transportation, such as
electric vehicles and hybrid electric vehicles, is increasing strongly.
Batteries can be classified into two main types. The first is the primary battery,
such as manganese dry cells and alkaline dry cells, and the other is the secondary
battery (rechargeable), including aqueous electrolyte based batteries such as the leadacid battery, nickel-cadmium/hydrogen (Ni-Cd) battery, and nickel-metal hydride
(NiMH) battery, as well as non-aqueous electrolyte based batteries such as the
metallic lithium battery and lithium–ion battery. In comparison, it is obvious that the
development of the primary batteries is limited by their low working voltage.
Amongst the secondary batteries as shown in Figure 2.1[1], the lithium ion battery
offers energy density 2-3 times and power density 5-6 times higher than Ni-MH, NiCd, and Pb acid batteries, while also having many other advantages such as long
cycle life, low self-discharge, high operating voltage, wide temperature window, and
no “memory effect”.
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Figure 2.1. Comparison of the different battery technologies in terms of volumetric
and gravimetric energy density. The share of worldwide sales for Ni-Cd, Ni-MH, and
Li-ion portable batteries is 23%, 14%, and 63%, respectively[1].

The use of Pb-acid batteries is restricted mainly to starting, lighting, and ignition
(SLI) in automobiles or standby applications, whereas Ni-Cd batteries remain the
most suitable technology for high-power applications. The motivation for using Li
metal as anode material in battery technology relied initially on the fact that Li is the
most electropositive [-3.04 V vs. standard hydrogen electrode (SHE)] and the lightest
metal (equivalent weight M = 6.94 g/mol, and density = 0.534 g/cm3), thus endowing
the storage system with high energy density. Primary batteries with Li as anode came
into existence in the early 1960s, and they were successfully introduced onto the
market. Although many attempts were made to covert the Li battery into a secondary
battery, such batteries did not working successfully due to poor cycling performance,
poor safety properties, and poor rate capability. The reasons can be attributed to: 1)
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lithium tends to precipitate on electrode materials during charging to form dendrites
on the surface of the Li, which can easily lead to short-circuiting; 2) metallic Li
features high chemical reactivity, which not only results in poor cycling
performance, but also causes the inherent risk of a thermal runaway reaction.
To overcome the weakness of the metallic Li anode, several alternative approaches
were pursued to substitute new anode materials and modify the electrolyte. The first
approach that was proposed was to replace the lithium electrode by a second
insertion compound, such as LiyMnYm, which is capable of storing and exchanging a
large quantity of Li ions. This concept was first demonstrated in the laboratory by
Murphy et al. [2], and then by Scrosati et al. [3], and led to the so-called Li-ion or
rocking-chair battery at the end of the 1980s and early 1990s. Because of the
presence of Li in its ionic rather than metallic state, the problem of dendrites in the Li
battery system could be solved, and the potential safety issue also could be
circumvented to some extent. In 1979, the use of LiCoO2 as a positive electrode
material was first reported by Goodenough [4] and co-workers. Nevertheless, it took
about ten years to implement the Li-ion concept, and the reason for delay was
ascribed to the lack of suitable anode materials and the failure of electrolytes to meet
the cost and electrochemical performance standards needed for the battery. In 1982,
Yazami and Touzain reported the world’s first successful experiment to demonstrate
the electrochemical intercalation and release of lithium in graphite [5]. Although they
used a solid electrolyte, this experiment provided the scientific basis for the use of
graphite as negative electrode, and even at present, it is also the standard anode
material in LIBs. In June 1991, the creation of the C/LiCoO2 rocking-chair cell was
commercialized by the Sony Corporation. This type of Li-ion battery, having a
potential above 3.6 V (three times that of alkaline systems) and gravimetric energy
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densities as high as 120-150 Wh/kg (two to three times that for the Ni-Cd battery),
was found to be one of most high-performance portable electronic devices in the 21st
century. In view of the high cost and toxicity of LiCoO2, the use of manganese
oxides in LIBs has been stimulated due to their low cost and environmental impact.
One example is Li1+x[Ni1/3Mn1/3Co1/3O2]1-xO2 which appears to be commercially
viable where x is no more than about 5%. Another example is the use of extra
manganese as well as lithium, as exemplified by the formula Li2MnO3LiMO2 where
M = [Mn, Ni, Co], for which it was reported that the capacity can exceed 250 Ah/kg
[6] by researchers at Argonne National Laboratory. In 1997, Goodenough disclosed
another new cathode [7], the olivine class of compounds with the formula LiMPO4,
where M is Fe, Ni, Co, Mn, or a combination of them. The iron compound generated
overwhelming interest due to its low cost, high rate capability, and eco-friendly
properties.
The second approach was to replace the liquid electrolyte by a dry polymer
electrolyte, with the batteries containing the dry polymer electrolyte called Li solid
polymer electrolyte (Li-SPE) batteries. Bellcore researchers introduced polymeric
electrolytes into a liquid Li-ion system [8], and they developed the first reliable and
practical rechargeable Li-ion hybrid polymer electrolyte (HPE) battery, called the
plastic Li-ion (PLiON) battery, which differs considerably from the usual coin-,
cylindrical- or prismatic-type cell configurations (Figure 2.2). Such a thin-film
battery has the advantages of shape versatility, flexibility and lightness, and it has
been commercialized since 1999.
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Figure 2.2 Schematic drawing showing the shapes and components of various Li-ion
battery configurations: (a) Cylindrical; (b) coin; (c) prismatic; and (d) thin and
flat[8].

2.1.2

Working mechanism

A LIB is mainly composed of an anode (negative), a cathode (positive), an
electrolyte, and a separator. The positive electrode materials are typically Licontaining metal oxides with a layered structure (such as lithium cobalt oxide) or
tunnel-structured materials (such as lithium manganese oxide). The negative
electrode materials include insertion-type materials (graphite, carbon, Li4Ti5O12,
TiO2, etc), conversion-type materials (such as iron oxides, nickel oxides, cobalt
oxides, etc.), and alloying-type materials (such as Si, Sn, etc.). The electrolyte should
be a good ionic conductor and electronic insulator. Most of the electrolytes are
solutions of inorganic lithium salts dissolved in a mixture of two or more organic
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solvents. The function of the separator is to prevent short-circuiting between the
negative and positive electrodes and to provide abundant channels for transportation
of Li ions during charging/discharging processes [9]. The LIB is referred to as a
rocking-chair battery, as Li ions “rock” back and forth between the positive and
negative electrodes. The working mechanism underlying the operation of LIBs is
presented in Figure 2.3. Typically, lithium cobaltate, LiCoO2, having a high
discharge voltage, is the major cathode material for commercial LIBs; graphite is the
most widely used anode material due to its stable specific capacity, small irreversible
capacity, and good cycling performance. When the battery is charging, Li
deintercalates from the cathode and is intercalated into the anode. Conversely, Li
intercalates into the cathode through the electrolyte during discharging. During
charge/discharge, Li ions flow between the anode and the cathode, enabling the
conversion of chemical energy into electrical energy and the storage of
electrochemical energy within the battery. The chemical reactions involved in a
typical LIB cell are described as follows:
Cathode: LiCoO2

Li1-xCoO2 + xLi+ + xe-

Anode: 6C + xLi+ + xe-

LixC6
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(2.1)
(2.2)

Figure 2.3 Principal mechanism of lithium ion battery
2.1.3

Basic concepts

In order to better understand the battery system, some basic concepts are discussed
as follows:
1)

Capacity (Q): the total amount of charge on the electrode in the cell for the

redox reaction during the charging/discharging process.
Q=

( )

=

(2.3)

Where I(t) is the current, t is the time, n is the number of the ions (mol), z is the
valence of the ions, and F is the Faraday constant, 96485 C/moL.
The specific capacity (Qs) (Ah/kg or Ah/m3) for the charge (Qsc) or the discharge
(Qsd) process is calculated based on both the capacity and the weight of active
materials or capacity and the volume of the active materials.
Irreversible capacity: this part of the capacity stems from the irreversible lithium
reactions with the active materials during the insertion or extraction process. The
value of the irreversible capacity can be calculated by:
QI = n th Qd - nth Qc (2.4)
2) Coulombic efficiency: the ratio of the energy converted to the energy consumed,
and it can be evaluated by the ratio of the charge capacity to the discharge
capacity at any given cycle.
=

(2.5)

3) Charge/discharge rate C: the rate of charge or discharge defined by the
charge/discharge current and the nominal capacity; it is equal to the reciprocal
value of the discharge time.
C=

(2.6)
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4) Specific energy density (Wh/kg, Wh/L): the amount of energy stored in the cell
per unit volume or mass. Specific energy density is used to compare the energy
content of a cell.
5) Power density (W/kg, W/L): is the maximum power output evaluated with
respect to the rate capability of a cell.
6) Cycle life: the number of cycles of charge and discharge that can be repeated
before a lower limit (define as a failure) of the capacity is reached. This value is
often set at 80% of the nominal capacity.
7) Safety: batteries are sources of energy and deliver their energy in a safe way
when they are used properly. So it is of crucial importance to choose the right
electrochemical system in combination with the correct charge, discharge, and
storage conditions to assure optimum, reliable, and safe operation.
2.1.4

Advantages and challenges

The major advantages and disadvantages of Li-ion cells, relative to other types of
cells, are summarized as follows. The high specific energy (up to 240 Wh/kg) and
energy density (up to 640 Wh/L) of commercial products makes them attractive for
weight or volume sensitive applications. Li-ion batteries offer a low self-discharge
rate (2 to 8% per month), long cycle life (greater than 1000 cycles), and a broad
temperature range of operation (as commercially available cells may be charged at 0
to 45°C and discharged at

40 to 65°C), enabling their use in a wide variety of

applications. A wide array of sizes and shapes is now available from a variety of
manufacturers. Single cells typically operate between 2.5 and 4.3 V, which is
approximately three times as high as for Ni-Cd or Ni-MH cells, and thus fewer cells
are required for a battery pack of a given voltage than for aqueous electrolyte based
cells. Li-ion batteries can also offer high rate capability. Discharge at 30 C
37

continuous, or 100 C pulsed, has been demonstrated and is available in commercial
cells. It is common for manufacturers to offer “energy cells,” where specific energy
and energy density are maximized, and “power cells,” where specific power and
power density are maximized, while still retaining energy density greater than with
competitive technologies. The combination of these qualities has enabled diverse
applications of energy storage devices.
Even though the LIBs have demonstrated quite a few advantages compared to
previous secondary battery systems, in order to keep pace with the fast development
of modern high technology, there are still many challenges for current LIB systems.
The principal challenges facing the development of batteries in terms of large-scale
applications such as in electric vehicles are cost, safety, cell energy density (voltage
× capacity), rate of charge/discharge, and cycle life. Automation of manufacturing,
the sources of raw materials, and the cycle life are the keys to lower the cost. Safety
is intimately related to the flammability of the electrolyte, the rate of
charge/discharge, and the engineering technology of the battery pack. A hybrid ionic
liquid and organic liquid as the electrolyte solvent can be made into a non-flammable
electrolyte. The design of the battery pack to allow failure of one cell rather than the
entire pack can be of benefit for building in safety. A greater energy density requires
both a higher voltage and higher capacity. To achieve a desirable higher energy
density but at a reasonable cost and with longer cycle life is a big challenge at
present.

Market

The Li-ion battery market has grown in the past two decades from a laboratory
curiosity to sales of over 4 billion units. By 2015, the market is expected to grow to
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over 8 billion units in the automotive sector. This technology has rapidly become the
standard power source in a broad array of markets, and battery performance keeps
improving in order to meet the demands of diverse applications. A series of designs
and forms have been developed for wide use in the market, including cylindrical,
wound prismatic, flat plate or “stacked” prismatic, and pouch cell designs in small
(0.1 Ah) to large (160 Ah) sizes. The electrolytes used in the cell range from liquid to
polymer to polymer gel form. The main applications have involved cell phones,
laptop computers, digital cameras, power tools, and electric bicycles and scooters, as
well as military devices. The big new application for Li-ion cells in the next decade
will be electric vehicles. In 2009, Tesla Motors produced an all-electric roadster with
a 52 kWh Li-ion battery, and in 2014, Tesla have recently revealed plans to build a
new $5-billion Li-ion battery “gigafactory”. The factory is forecast to start
production by 2017 and is expected to have an output of 35 GWh/y by early as 2020,
which would more than double the size of the current market. Meanwhile, Bosch,
Nissan, Panasonic, Ford, Honda, LG, etc. will introduce high capacity batteries in the
next few years as well.

2.2

Anode materials

In order to improve the energy and power densities of LIBs, the use of anode
materials with larger capacities and higher Li diffusion rates is required.
2.2.1

Carbonaceous anode

Commercial LIBs are usually based on carbonaceous materials, into which Li is
inserted during charging. The resulting Li-interacted carbons show a low potential
close to that of a metallic Li electrode, but the problem of dendrite formation in the
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initially employed Li metal anode can be avoided, resulting in improved safety and
reliability of the LIBs.
Graphite has a limited theoretical capacity of 372 mAh/g, since the most Lienriched intercalation compound of graphite only has the stoichiometry of LiC6. To
increase the energy and power densities of LIBs, nanostructured carbonaceous
materials such as carbon nanotube (CNT) or carbon nanofiber (CNF), graphene, and
mesoporous carbon have been developed to achieve high capacity.
Carbon nanotube and carbon nanofiber were found to possess high surface-tovolume ratios and excellent surface activities. After the discovery of CNT [10], it
was observed that CNT can offer Li intercalation between pseudo-graphitic layers
and inside the central tubes. The small diameters of CNT can impose strain on the
planar bonds of the hexagon. This strain causes delocalization of electrons and makes
the structure more electronegative, which increases the degree of Li intercalation.
Therefore, the reversible capacity of CNT as anode can reach up to 1000 mAh/g after
treatment by various methods such as ball milling [11], acid oxidation [12], and
metal oxide cutting [13]. The capacity recorded previously in the literature was much
higher than that of graphite, however the coulombic efficiency of CNT was lower
compared to that of graphite owing to the presence of a few structural defects and
high voltage hysteresis [14, 15]. Carbon nanofiber, due to its large amount of defects
along the fibre, is expected to promote fast Li intercalation/deintercalation [16-18].
CNF was recently prepared by the simple and low cost electrospinning technique and
subsequent carbonization processes [19]. The obtained sample could deliver a
reversible capacity of about 450 mAh/g. After further chemical treatment by Zhang’s
group [20-22], the CNF had a higher specific surface area and large pore volume,
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which would increase the diffusion rate of Li ions at the electrolyte-electrode
interface and shorten the diffusion paths of the Li ions.
Graphene, as a rapidly rising star in the field of material science, is a twodimensional (2D) crystal, composed of monolayers of carbon atoms arranged in a
honeycomb network with six-membered rings [23]. As the fundamental 2D carbon
structure, graphene can be conceptually viewed as an indefinitely extended, 2D
aromatic macromolecule [24], and it can be also considered as a basic building block
for constructing many other carbon materials. It can be rolled into one-dimensional
carbon nanotube, and stacked into three-dimensional graphite. With the addition of
pentagons it can be wrapped into a spherical fullerene [25-27]. Graphene was
isolated by means of mechanical exfoliation from graphite by Geim and co-workers
[28]. This led to an explosion of interest in the study of graphene with respect to its
unique physical, chemical, and mechanical properties, opening up a new research
area for materials science and condensed-matter physics, and aiming for wideranging and diversified technological applications [25, 29-32].
From the viewpoint of its electronic properties, graphene is a zero-gap
semiconductor with unique electronic properties that originate from the fact that
charge carriers in graphene are described by a Dirac-like equation, rather than the
usual Schrödinger equation [29]. As a consequence of its perfect crystal structure,
low-energy quasiparticles in it obey a linear dispersion relation, similar to massless
relativistic particles. This essential characteristic of a gapless semiconductor has led
to many observations of peculiar electronic properties [30, 33-35], including ballistic
transport, pseudospin chirality based on the “Berry phase”, a room-temperature halfinteger “chiral” quantum Hall effect, and conductivity without charge carriers, which
make it a promising choice for future electronic materials, both as a device and as an
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interconnect. For example, graphene has the fast electron mobility of ~ 15,000 cm2V1

cm-1, a ultra-high mobility of temperature-independent charge carriers of 200,000

cm2V-1s-1 (200 times higher than Si), and an effective Fermi velocity of 10 6 m/s at
room temperature, similar to the speed of light. More importantly, graphene
possesses not only unique electronic properties, but also excellent mechanical,
optical, thermal, and electrochemical properties, which are superior to those of other
carbon allotropes such as graphite, diamond, fullerene, and CNTs. [25, 33, 36-39]
Single-layer graphene has excellent mechanical properties, with a Young’s modulus
of 1.0 TPa and a stiffness of 130 GPa, optical transmittance of ~97.7% (absorbing
2.3% of white light), and superior thermal conductivity of 5000 Wm-1K-1 (about 100
times that of Cu). It also has a high theoretical specific surface area of 2620 m2/g,
extremely high electrical conductivity, and good flexibility. Due to its unique
properties, it is speculated that in many applications graphene will outperform CNT,
graphite, and semiconductors where it is used as an individual material or as a
component in a hybrid or composite material.
Since 2004, much work has been related the synthesis of graphene, because its
availability is an important precondition for its use in research and development for
possible applications. So far, several physical and chemical methods have been
proposed to produce individual graphene or chemically modified graphene, for
example, mechanical exfoliation of bulk graphite [28, 33, 40, 41], sublimation of
silicon from silicon carbide (SiC) wafers [42-47], and epitaxial growth by chemical
vapour deposition (CVD) of hydrocarbons on metal substrates [47-51]. Among these
methods, mechanical cleavage of highly oriented pyrolytic graphite (HOPG) by
using Scotch tape to peel multiple layers of graphene is the first method to produce
graphene, and it is suitable for fundamental research, but it still suffers from low
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yield. In the case of epitaxial growth on SiC, it is possible to grow large-size and
high-quality graphene, but the method requires high-vacuum conditions, high-cost
fabrication systems. and suffers from the difficulty in transferring the graphene from
the substrates as well as low yield. As for the metal-supported epitaxial growth of
graphene via CVD, the nucleation and growth of graphene occur by exposure of the
transition metal surface to a hydrocarbon gas under low or ultra-high vacuum
conditions. Although graphene can be obtained by the above methods, all of the
methods are constrained by various sorts of limitations such as low yields, high cost,
etc. Currently, more practical and high-yielding solution-chemistry based approaches
have been proposed, which involve the initial oxidation of graphite to graphite oxide,
followed by the mechanical or thermal exfoliation of graphite oxide to graphene
oxide sheets. This approach has now been demonstrated to be a primary low-cost
strategy that can yield a large quantity of reduced graphene oxide (GO) with high
processability.
The extraordinary properties of graphene sheets are advantageous for energy
storage and conversion systems; therefore, graphene has been explored as an
electrode material in electrical energy storage devices such as LIBs and
electrochemical capacitors (ECs). Compared to the graphite, CNTs and CNFs,
graphene shows some unique advantages. For example, the theoretical specific
surface area of graphene (2620 m2/g) is much higher than those of CNTs and
graphite, with values of ~ 1300 and 10-20 m2/g, respectively. The large surface areas
can provide more e active sites for electrochemical reaction and energy storage, and
its flexibility is much more beneficial for constructing flexible energy storage
devices [52]. Yoo and Honma et al. first reported that the specific capacity of
graphene nanosheets (GNS) could reach 540 mAh/g , which is much higher than that
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of graphite, and they found that the capacity in LIBs is significantly affected by the
layer spacing between the GNS. The capacity can be improved by embedding CNTs
or fullerene macromolecules into graphene layers to increase the interlayer distance
[53]. Wang et al. found that the Li ions could not only adsorb on both surfaces of the
GNS, but could also be stored on the edges and covalent sites [54]. Guo et al. also
found that due to the presence of the a large number of functional groups and the
abundance of micropores and defects, the GNS exhibited a relatively high reversible
capacity of 672 mAh/g and good cycling performance [55]. Graphene with high
quality and few layers (~ 4) was reported to achieve an initial capacity as high as
1264 mAh/g, and the reason can be ascribed to the few layers of graphene with a
large surface area, curled morphology, disordered structure, and many edge-type
sites or nanopores [56]. Furthermore, it was reported by Pan’s group that the
intensity ratio of the Raman D band to the G band is a key structural parameter for
evaluating the reversible capacity and that the improved storage sites such as edges
and defects are the dominant factors for better performance, as shown in Figure 2.4
[57].
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Figure 2.4 (a) Irreversible Li storage at the interface between GNS and electrolyte.
(b) Reversible Li storage at edge sites and internal defects (vacancies, etc.) of
nanodomains embedded in GNS. (c) Reversible Li storage between (002) planes.
Reprinted with permission. Copyright 2009, American Chemical Society

In addition, graphene also can act as a matrix for decoration with metal or metal
oxide (Sn [58], Ge [59], SnO2 [60], Mn3O4 [61], TiO2 [62], and Co 3O4 [63]) to
improve the conductivity and reduce the irreversible capacity of graphene. The
performance enhancement of graphene by forming nanocomposites with metals or
metal oxides can be ascribed to several factors. Firstly, both metal/metal oxide
nanoparticles and graphene sheets have large Li-storage abilities. Secondly, graphene
sheets possess excellent electriconic conductivity. Thirdly, the flexible graphene
nanosheets suppress the large volume expansion/extraction of the electrodes during
charge/discharge, alleviating the aggregation and pulverization problems connected
with pure metal or metal oxide nanoparticles. In the meantime, the confinement of
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metal or metal oxide nanoparticles between graphene nanosheets mitigates the
restacking of graphene sheets, and consequently maintains their high active surface
areas and creates more significant disorder/defects and cavities for Li storage.
Therefore, these synergic effects of graphene and metal or metal oxide nanoparticles
lead to increased Li storage capacity, improved cycling performance, and good rate
capability of the graphene/metal and graphene/metal oxide nanocomposites.
2.2.2

Alloying anode

Since Dey demonstrated that Li metal can electrochemically alloy with metals at
room temperature in an organic electrolyte based cell [64], Li-alloying reactions with
metallic or semimetallic elements and various compounds have been investigated
during the past few decades. Although these alloying materials provide a higher
specific capacity than that of graphite (372 mAh/g), as shown in Figure 2.5 [65], they
generally suffer from large volume changes during cycling. The large volume
changes cause severe cracking and crumbling of the electrodes and subsequent loss
of electrical contact between individual particles, which, in turn, results in large
irreversible capacity and severe capacity fading [66-69].
Several strategies have been investigated to overcome the volume change and
preserve the integrity of the electrode. The first approach is to prepare unique
nanostructures

which

could

accommodate

the

volume

expansion

during

charging/discharging processes and reduce the electronic and ionic transport
pathways [66, 67, 70]. The second is to introduce another component to form
nanocomposites such as carbon coated metals or metal oxides [70-72]. By this
method, the carbon source could act as a matrix to buffer the volume change and
improve the electronic conductivity at the same time, while carbon can also suppress
the formation of the SEI film and provide additional capacity, since carbon is also an
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electrochemically active material. Another approach involves the formation of an
alloy, which is an electrochemically active or inactive component, and can alleviate
the volume change during cycling [73-75].

Figure 2.5 Specific capacities and capacity densities for selected alloying reactions.
Values for graphite are given as a reference [65].
2.2.2.1 Silicon
Si has been considered as one of the most attractive anode materials for Li-ion
batteries because of its high gravimetric and volumetric capacity, as well as because
it is abundant, cheap, and environmentally benign. It shows capacity fading,
however, due to mechanical failure of the active material caused by the large volume
expansion/contraction during the discharge/charge reactions. Typical voltage profiles
of powder Si anodes (Aldrich, 325 mesh) for the first two cycles at room temperature
are presented in Figure 2.6; there is only a two-phase region at about 0.1 V. In 2004,
the electrochemical lithiation mechanism at room temperature was reported in detail
by two groups [40-42]. From their ex situ and in situ X-ray diffraction (XRD)
analysis results, the reaction mechanism was explained as follows:
During discharge:
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Si (crystalline) + xLi+ + xe

LixSi (amorphous) + (3.75 - x) Li+ + (3.75 – x) e
(2.7)
Li15Si4(crystalline)
(2.8)

During charge:
Li15Si4(crystalline)

Si(amorphous) + yLi+ + ye + Li15Si4 (residual)

(2.9)

Figure 2.6 Voltage profiles of Si powder electrodes for the first and second
discharge/charge cycles.

In the two-phase region, crystalline Si becomes an amorphous Li–Si alloy [Eq.
(2.7)], and the amorphous phase suddenly crystallizes as a Li15Si4 phase around 0.05
V vs. Li/Li+ [Eq. (2.8)]. There is another two-phase region during the delithiation
process and the final product is amorphous Si [Eq. (2.9)]. Due to electrical
disconnection of the active material caused by the severe volume change, there are
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some amounts of the residual Li15Si4 phase after the first delithiation, which results
in a large irreversible capacity. When Li ions are inserted into the amorphous Si
during the second cycle, two sloping voltage plateaus are observed, which indicate
single phase regions. After the second cycle, reactions (2.8) and (2.9) shown above
are repeated and the reversible capacity fades.
Li et al. reported that a nano-Si powder anode showed better capacity retention
than normal Si powder (passed through 250 mesh) due to the smaller volume
variation by the distribution of nanoparticles [43]. Liu et al. showed that increasing
the conducting additive content and reducing the particle size can improve the
cycling capability of the electrodes. Porous silicon electrodes with one-dimensional
(1D) channels were fabricated using an electrochemical etching process [44]. The
channel structure of the porous silicon electrode can retain its structural integrity
during cycling. Nest-like hollow Si nanospheres prepared by Ma et al. and
incorporated into electrodes [45] exhibited enhanced rate capability and cycling
performance due to the prevention of aggregation on the nanometer scale by the nestlike Si nanospheres. Cui and co-workers recently reported vertically-aligned Si
nanowire arrays on a current collector [46], which could accommodate large volume
changes, efficiently provide direct 1D electrical pathways for charge transport, and
eliminate the addition of binders and conducting additives. The electrochemical
performance showed a reversible capacity of over 3000 mAh/g for up to 10 cycles
with little capacity fading.
2.2.2.2 Tin
Electrochemical lithiation of Sn at elevated temperatures carried out by Wen and
Huggins[76] showed that Sn reacted with lithium to yield seven different Li–Sn
phases forming a line within the Li–Sn phase diagram: Li2Sn5, LiSn, Li7Sn3, Li5Sn2,
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Li13Sn5, Li7Sn2, and Li22Sn5. Based on the end member of the Li–Sn alloy phases,
4.25 atoms of lithium can be accommodated for each Sn atom and its maximum
gravimetric capacity is 959.5 mAh/g, with a working potential of about 0.5 V (vs.
Li/Li +). Although Sn has a lower gravimetric capacity than Si and metallic lithium,
Sn is an attractive anode material due to its volumetric capacity of about 2000 mAh/
cm3, which is higher than that of even metallic Li and is comparable to that of Si
[77]. Similar to other alloying metals, tin also faces the volume change problem
during charge/discharge processes, however, the solutions to overcome this problem
are same as for Si. Firstly, Sn-based composite oxides as anode material instead of
Sn metal may be a good way to alleviate the expansion of volume. The basic reaction
mechanisms of Sn-based oxide materials have been reported as follows [101 102]:
SnO2 + 4 Li+ + 4e

Sn + 2Li2O + 4.4 Li+ + 4.4 e
Li4.4Sn + 2Li2O

SnO + 2Li+ + 2e

(2.10)

Sn + Li2O + 4.4 Li+ + 4.4 e
Li4.4Sn + 2Li2O

(2.11)

At the first lithiation, Sn–O bonding is irreversibly dissociated by the introduction
of lithium ions and electrons, forming Li2O and metallic Sn, which are responsible
for the reversible capacity of the Sn oxide anode through the alloying/dealloying
reaction with lithium up to the theoretical limit of Li4.4Sn. The Sn-based oxide anode
shows improved capacity retention compared to metallic Sn, which was mainly
ascribed to the resulting composite structure, consisting of electrochemically active
Sn and an inactive lithium phase such as Li2O. Li2O acts as a matrix where the
reduced Sn phase is well dispersed and thus prevents the aggregation of Sn particles.
Another effective way to prevent the volume change and aggregation of tin metal is
to explore inert matrix materials such as carbonaceous materials, since the
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carbonaceous materials have high electrical conductivity, good mechanical
flexibility, and the capability to store lithium with very limited volume expansion.
Several carbonaceous materials, including graphite, carbon nanotubes (CNTs),
amorphous carbon, ordered mesoporous carbon, and graphene [58, 78-82] have been
exploited as an inert and conductive matrix in Sn-based anode materials, thus
providing various Sn/C composite anode materials with different microstructures.
2.2.2.3 Germanium (Ge)
Germanium has not attracted much attention until now due to its high cost, however,
Ge possesses highly promising intrinsic properties as anode material in LIBs. Ge can
accommodate lithium up to Li22Ge5, corresponding to its theorectical capacity of
1620 mAh/g, which is significantly higher than the capacity of graphite. In addition
to the high theoretical capacity, the lithium diffusivity and the electrical conductivity
of Ge are 400 and 104 times higher, respectively, than for Si at room temperature
[83-85]. Furthermore, Ge exhibits a lower specific volume change during the Li
insertion/extraction process than Si, which can be expected to lead to better cycling
performance at comparable capacity [83, 84]. In addition, Ge has the benefit of
forming a minimal amount of native oxide in its outermost layer. These advantages
promise an anode material with both high power and high energy density. The
lithium alloying reaction of Ge forms several phases, including Li9Ge4, Li7Ge2,
Li15Ge4, Li22Ge5 [86]. In a similar way to Si and tin electrode, Ge also suffers a large
volume change of about 390%. which results in drastic capacity fading. Similar
approaches explored for Si and Sn were also applied to Ge electrodes, including
nanostructured materials [87-92],carbon coated Ge [93-95], porous materials [96],
intermetallic alloys [97], and germanium based oxides [93]. Most recently, Seng et al.
reported self-assembled germanium/carbon nanostructures that displayed good
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cycling stability and rate capability. Negligible capacity loss was recorded for up to
15 C, and the capacity record is as high as 480 mAh/g at the rate of 40 C (64 A/g).
The higher capacity and cycling stability of Ge/C can be attributed to the
hollow/porous carbon shells, which can accommodate the volume changes during
lithitium reactions.
2.2.3

Transition metal oxides

Various transition metal oxides have been extensively studied as potential anode
materials for Li-ion batteries, mainly due to stability and safety concerns, despite the
fact that their charge potentials and capacities are relatively high and small,
respectively, compared to graphite anode. The transition metal oxides can be
classified into two groups, based on the reaction mechanism during the first
discharge: (i) insertion reaction of Li into the lattice of the electrode material without
basic structural changes of the host material, such as in WO2 [98], MoO2 [99],
Li4Ti5O12 [100-102], and TiO2 [103-105], and (ii) conversion reaction, with a
complete decomposition of Li2O and inactive transition metal. These two reaction
mechanisms can be expressed as follows, with M representing a transition metal.

Insertion reaction: MOx + yLi+ + ye

LiyMOx

Conversion reaction: MxOy + 2yLi+ + 2ye

xM+yLi2O

(2.12)
(2.13)

The transition metal oxides, MOx (M = Fe, Co, Ni, Cu, Mn, etc.), based on the
conversion reaction, were converted to a metallic state with formation of Li2O at the
first lithiation, and reversibly returned to their initial state after the subsequent
delithiation [106]. The electron transfer number involved in the conversion reaction
depends on the oxidation state of the transition metal and is more than one, which is
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in contrast to the generally less than one electron involved for Li in the insertion
reaction, since Li is accommodated in the vacant sites of the transition metal oxide
framework. This strategy to utilize all the possible oxidation states of the transition
metal component enables high energy densities of the electrodes to be attained.
These transition metal oxides show high reversible Li storage capacities of 400–1000
mAh/g and good cycling performances, with an average working potential of 1.8–2.0
V (vs. Li/Li+), as shown in Fig. 2.7 [107]. Despite their high specific capacities and
good cycling capability, these transition metal oxide materials are still not
sufficiently viable for commercial use due to their high working potentials as anodes,
low coulombic efficiency at the first cycle, and large potential hysteresis between
discharge and charge, which might cause a decrease in the energy density of
batteries.

53

Figure 2.7 Voltage-composition profiles for various MO/Li cells (with M = Co, Ni,
Fe, and Cu) cycled at the C/5 rate between 0.02 and 3 V, with the voltage plateau
corresponding to the reduction of MO into M0 nanoparticles and the sloping voltage
epresenting the electrocatalysis decomposition of the electrolyte [107] .
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2.2.4

Metal sulfides/nitrides/phosphides/fluorides

Transition metal sulfides were initially used as lithium primary cell materials [108],
and layered phases such as TiS2 were considered as candidates as positive electrode
materials for rechargeable lithium batteries [109], while high temperature cells based
on iron sulfide electrodes were considered as a possible energy storage option for
electric vehicles in the 1980s. Transition metal sulphides (M = Mn, Fe [110], Co
[111], Ni [112], etc.) have been reported to react via a conversion mechanism to
produce Li2S and metal nanoparticles, but unlike metal oxides, these sulfides suffer
from capacity fading after several cycles. For instance, MnS was successfully
developed by a simple hydrothermal method with an initial discharge capacity of
900-1300 mAh/g, however, the capacity decreased to 400- 600 mAh/g after 20
cycles.
Metal nitrides have lower specific capacities, although a few materials such as
CrN and VN have a high initial capacity (1800 mAh/g and 1500 mAh/g), but
couloumbic efficiency is quite low, which results in large irreversible capacity. In the
case of Cu 3N, however, good capacity retention can be observed, but upon prolonged
cycling an additional redox reaction leading to the formation of copper oxide can
also be observed probably due to the electrolyte degradation. This indicates that the
reaction in nitrides is relatively complicated.
The conversion reaction of transition metal phosphides (Mn, Fe, Co, Ni, Cu) with
lithium has only been discovered recently. These metal phosphides have very poor
cycling stability and exhibit rapid capacity fading during cycling. As a matter of fact,
the attractiveness of metal phosphides has led to efforts to investigate the
performance of a Li-P battery [113], which has high theoretical capacity.
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Transition metal fluorides can also react with lithium through conversion reactions.
They possess very high working potential above 2 V due to the high ionicity of M-F
bond. This characteristic makes fluorides alternatives for the positive electrode, with
noticeably higher specific capacity than intercalation-based cathode.
2.3
2.3.1

Sodium ion battery
Advantages and challenges

The growing portable electronics market has resulted in skyrocketing sales of lithium
ion batteries, equivalent to about US$7 billion worldwide in 2009. About onequarter of the world’s production of lithium precursor materials is now consumed by
battery manufacture, contributing to a steep rise in the price of Li2CO3 in the past 10
years, as shown in Figure 2.8. It is even predicted that lithium supplies will run out in
the near future (Figure 2.9).
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Figure 2.8 Fluctuation of the price and production of Li2CO3 over time. The sharp
rise in price in the mid-2000s was caused in part by increases in the demand for
lithium batteries. Reproduced with permission. Copyright 2012, the Lithium Site.
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Figure 2.9 Lithium demand and availability, and number of electric vehicles (EVs),
hybrid electric vehicles (HEVs), and plug-in hybrid electric vehicles (PHEVs) over
time. In the low availability of lithium/optimistic EV/HEV/PHEV production
scenarios, lithium could run out in the near future. Reproduced with permission.
Copyright 2012, Research Centre for Energy Economics

Sodium is so abundant that it is the fourth most abundant element in the Earth’s
crust, leading to its low cost. Supplies of sodium-containing precursors are vast, with
huge reserves of 23 billion tons of soda ash located in the US. Sodium carbonate is
produced from trona, at about $135-165/ton, which is much lower than for lithium
carbonate (about $5000/ton in 2010). Based on the wide availability and low cost of
sodium, ambient temperature sodium-based batteries have the potential for meeting
the demands of large scale grid energy storage and could provide an alternative
chemistry to lithium ion batteries in certain markets.
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Sodium is less reducing than lithium (-2.71 V vs. SHE compared to -3.04 V), and
the gravimetric capacity is lower (1165 mAh/g compared to 3829 mAh/g). Thus,
batteries based on metallic sodium anode would have lower energy density and
operating voltages than those with lithium metal anode. Besides, the ionic radius of
Na is 0.03 nm larger than for Li, which indicates that the intercalation hosts must
possess large enough channels and interstitial sites to accept the larger Na ions, while
high ionic and electronic conductivity are also required for a successful reversible
sodium ion battery. So far, for the sodium ion battery, the technical obstacles that we
need to overcome are the lack of high-performance electrodes and appropriate
electrolyte materials with the properties of non-toxicity, stability, safety, and low
cost. Figure 2.10 summarizes the practical specific capacity and operation voltage of
some potential materials for SIBs.
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Figure 2.10 Electrode materials and corresponding electrochemical performances in
current SIB technologies. Reproduced with permission [114]. Copyright 2011,
American Chemical Society.
2.3.2

Anode materials

2.3.2.1 carbon-based materials
Graphite, the most commonly used anode in lithium ion cells, does not intercalate
sodium to any appreciable extent and is electrochemically irreversible, as shown by
the low capacity and irreversibility of the Na/C(graphite) cell in Figure 2.11 [114].
Many other non-graphitic anodes that consist largely of various carbonaceous
materials have been demonstrated to react with Na. These non-graphitic
carbonaceous materials are considered as the “first generation” anode of choice for
SIBs. The voltage profile for non-graphitic carbon shows two distinct features: the
initial reduction slope from 1.2 to 0.1 V, followed by a long flat region between 0.1
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and 0 V, as shown in Figure 2.12. Since 2000, many researchers have proposed
high-capacity carbon compounds for SIBs such as petroleum cokes [115-117],
carbon black [118], pitch-based carbon fibres [119], and polymers (poly(paraphenylene)) [120]. Until now, hard carbon is likely to be the most promising anode
material, which can yield a reversible capacity of over 300 mAh/g up to 120 cycles at
C/10 [121].

Figure 2.11 Na/C (graphite) cell showing lack of electrochemical activity. The
electrolyte was 3:7 ethylene carbonate (EC): ethyl-methyl carbonate (EMC) with 1
M NaClO4.
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Figure 2.12 Typical charge-discharge profiles of carbon electrodes in organic
electrolytes: hard carbon electrodes cycled in (a) ethylene carbonate electrolyte, (b)
propylene carbonate electrolyte, and (c) butyl carbonate electrolyte. Reproduced with
permission [122].
.
2.3.2.2 Non-carbon materials
Non-carbon materials, such as metals, metal oxides/sulphides, and alloys, have also
been pursued as anode for SIBs. The reaction mechanism of these compounds is
similar to those of electrodes in LIBs, including insertion, conversion, and alloying
reactions.
Ti-based intercalation compounds have been investigated due to their low redox
potential of Ti3+/Ti4+. Several Ti-based compounds, such as layered NaTiO2,
Na2Ti3O7 [122], NaTi(PO4)3 [123] have shown reversible capacity in SIBs, but the
capacity is relatively low compared to other candidates, in the range of 130-200
mAh/g.
62

The compounds based on the conversion reaction, such the transition metal oxides
CoO, FeO, and NiO, have been investigated extensively in LIBs due to their high
specific capacity, but unfortunately, they showed almost no electrochemical activity
with Na. Zhou’s group [124], however, recently made great progress on transition
metal oxide for SIBs. They reported that the capacity of Fe2O3@graphene composite
could reach 400 mAh/g over 200 cycles. No capacity decay could be observed, and
the coulombic efficiency was close to 100%.
Metals such as Sn and Sb which alloy with Na can electrochemically store Na ions.
The alloying reaction of the metal with Na to form NaxMy has been reported by
several groups [125-130]. Darwiche et al. [131] successfully used pure micrometric
Sb as SIB anode, and the capacity could reach 600 mAh/g at a high rate with a
coulombic efficicency of 99% over 160 cycles.
A study of SnSb alloy in SnSb/C nanocomposite as anode for Na-ion batteries was
recently published [132]. This work is an excellent example of the use of
multicomponent Na alloying reactions with metals, where typical volume changes of
about 400% occur for the individual metals, but the nanocomposite SnSb/C can
negotiate the volume change. In the proposed mechanism, the reaction of Na with the
SnSb single phase occurs first, making Na3Sb and Sn (0.45 V discharge feature),
followed by alloying of the Sn with Na at lower voltage (~ 0.2 V) to form Na3.75Sn in
the nanocomposite. Reversible capacity of 544 mAh/g and coulombic efficiencies
above 98% were recorded during cycling.
Most recently, metal sulphides have aroused increasing attraction in sodium
storage due to their high capacity and cycling stability. The reaction mechanism of
Sb2S3 [48] in SIBs is similar to that in LIBs, which firstly involves a conversion
reaction between the sulphide and lithium, followed by a metal alloying reaction with
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Li. Based on that mechanism, 12 mol of Na+ can react with Sb2S3, resulting in a
theoretical capacity of 946 mAh/g. Compared to the pure Sb, Sb 2S3 has potential
advantages, including higher theoretical capacity and mechanical stability due to
smaller volume change during charge/discharge from the sulphides. Moreover,
sulphide formation is typically more reversible than oxide formation, resulting in
higher initial coulombic efficiency than with oxide materials. Denis et al. [47] have
investigated reduced graphene oxide (rGO)/Sb2S3 as anode material for SIBs, and it
was reported that about 9.2 Na (730 mAh/g) can be reversibly charged and
discharged at a rate of 50 mA/g (about 0.067 C). When the current rate is increased
to 1500 mA/g (about 2.5 C), the charge capacity of 610 mAh/g can be obtained.
Even when the current is increased to 3000 mA/g, 70% of the capacity at the current
density of 50 mA/g (520 mAh/g) can still be achieved.
2.3.3

Electrolytes

The discovery of appropriate electrolytes is definitely crucial for the development of
SIBs, since Na is much more active than Li. Recently, the most common electrolytes
for SIBs were either NaPF6 or NaClO4 as salts in carbonate ester solvents,
particularly propylene carbonate (PC). Unfortunately, metallic sodium anodes
corrode continuously in the presence of most commonly used organic electrolytes,
rather than forming a stable solid electrolyte interphase (SEI). The typical reduction
product generated by reaction of PC with Na is sodium propyl carbonate, which, in
turn, can be oxidized when charging, hence resulting in low coulombic efficiency.
So, the formation of a proper SEI is needed to ensure high coulombic efficiency and
stable cycling capability. Fluoroethylene carbonate (FEC) has been observed for
form a passivating film (0.7 V vs. Na/Na+) on the surface of the metallic sodium
anodes, preventing the electrodes from further reacting effectively with solvents.
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Other additives, for instance, those used in Li-ion batteries, such as vinylidene
carbonate (VC), ethylene sulphite (ES), and trans-difluoroethylene carbonate
(DFEC), were not effective [131, 133, 134].
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3 EXPERIMENTAL
3.1

General procedure

The overall experimental procedure is described in Figure 3.1. Electrode materials
were firstly synthesized via various synthesis methods and then characterized by a
series of physical techniques to identify and study the properties of the as prepared
materials. Subsequently, the electrode materials were assembled into coin-type cells
and tested for their electrochemical storage properties. Structure, morphology and
chemistry after electrochemical cycling were also investigated.

Figure 3.1 Outline of experimental procedures and techniques.
3.2

Chemicals

Detailed information of the chemicals used in thesis is summarized in Table 3.1.
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Table 3.1 List of Chemicals used in the thesis
Chemicals

Formula

Purity
(%)

Supplier

Polyvinylidene
difluoride (PVDF)
Carbon black

(CH2CF2)n

n/a

Sigma Aldrich

C

Timcal

Milli-Q Water

H2O

Ethanol
Pure ethanol
1-methyl-2pyrrolidinone (NMP)

C2H5OH
C2H5OH

Super P
5
ppb
(TOC)
Reagent
99.95

Q-store
Sigma Aldrich

C5H9NO

99.5

Sigma Aldrich

(C3H6)n

Celgard
2500

Li
N/A
LiPF6 in EC/DMC (1:1)
Cu
Al
Ni
Pt
C3H4O3

99.9
N/A
N/A
N/A
N/A
N/A
99.9
99

Hoechst
Celanese
Corporation
Sigma Aldrich
n/a
Merck KgaA
China
China
China
Sigma Aldrich
Sigma Aldrich

C5H10O3

99+

Sigma Aldrich

LiPF6

99.99

Sigma Aldrich

C3H6O3
HCl
H2SO4
C2H2/Ar
H2/Ar
C

99+
36.5
98
n/a
n/a
n/a

Sigma
Sigma Aldrich
Sigma Aldrich
BOC Gas
BOC Gas
Akzonobel

LiPF6 EC/DMC/DEC

99.99

PanaxStarlyte

LiPF6 EC/DMC

99.99

GuotaiHuarong

Polypropylene
separator
Lithium metal
CR2032 type coin cells
LP30 electrolyte
Copper foil
Aluminium foil
Nickel foam
Platinum foil
Ethylene carbonate
Diethyl
carbonate
(DEC)
Lithium
hexafluorophosphate
Dimethyl carbonate
Hydrochloric acid
Sulfuric acid
Acetylene/Argon
Hydrogen/Argon
Ketjen Black
1.15
M
lithium
hexafluorophosphate in
ethylene
carbonate/dimethyl
carbonate/diethyl
carbonate (3/4/3)
1
M
lithium
hexafluorophosphate in
ethylene
carbonate/dimethyl
carbonate (1/1)
Polyacrylic
acid
MW=100000
Sodium borohydride

(C3H4O2)n

Millipore

Sigma Aldrich

NaBH4

98%
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Sigma Aldrich

Sodium carboxymethyl
cellulose MW=90000
Sodium
Sodium perchlorate
Sodium
hexafluorophosphate

n/a

Sigma Aldrich

Na
NaClO4

n/a
98

Sigma Aldrich
Sigma Aldrich

NaPF6

98

Sigma Aldrich

99

Sigma Aldrich

SnCl2 2H2O

96

Fluka,
Australia

GeCl4

99.99%

Alfa Aesar

NH2CONH2

HNO3
H2O2

Bioreagent Sigma Aldrich
Sigma Aldrich,
99+
Australia
69
Sigma Aldrich
35
Sigma Aldrich

N2H4

64-65

Sigma Aldrich

NH4F

98

Sigma Aldrich

Co(NO3)2· 6H2O

98

Sigma Aldrich

99

Sigma Aldrich

n/a

Sigma Aldrich

98

Sigma Aldrich

99

Sigma Aldrich

P2O5

98

Sigma Aldrich

SnCl4·5H2O

98

Sigma Aldrich

HOCH2CH2OH

99.8

Sigma Aldrich

NH4OH

25

Sigma Aldrich

SbCl3
NiO

99
n/a

Sigma Aldrich
n/a

Fluoroethylene
carbonate
Tin
(II)
chloride
dihydrate
Germanium
tetrachloride
Urea
Manganese (II) acetate
tetrahydrate
Nitric acid
Hydrogen peroxide
Hydrazine
monohydrate
Ammonium fluoride
Cobalt
nitrate
hexahydrate
Manganese
tetrahydrate

Mn(CH3COO)2 4H2O

acetate

Polyvinylpyrrolidone
MW=40,000
Sodium hydroxide

NaOH

Potassium persulfate
Phosphorous pentoxide
Tin(IV)
chloride
pentahydrate
Ethylene glycol
Ammonium hydroxide
solution
Antimony(III) chloride
Nickel (II) oxide
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3.3

Synthesis methods

The material synthesis methods implanted in this work are described as follows. The
detailed experimental procedure of each project will be discussed in the respective
chapters.
3.3.1

Hydrothermal method

Hydrothermal method can be defined as a method of synthesis of single crystals that
depends on the solubility of chemicals in hot water under high pressure. The crystal
growth is performed in an apparatus consisting of a steel pressure vessel called an
autoclave, in which a “nutrient” is supplied along with water. As shown in Figure
3.2,

the

device

used

for

hydrothermal

synthesis

is

made

up

of

a

polytetrafluoroethylene (PTFE) vessel and a stainless steel protector and, in order to
ensure the safety, the liquid volume is controlled to below 2/3 of the volume of the
Teflon reactor. This method has proved to be extremely efficient in crystal growth
and nanomaterials synthesis. In a typical synthesis procedure, the composition,
morphology, and crystal structure of the products can be tuned by many factors,
mainly including the solvent, the concentration of the precursors, the temperature,
and surfactant. Thus, the relevant parameters should be considered in the preparation
of desired materials.
Additionally, microwave hydrothermal as one of the hydrothermal method was
also applied in our lab due to its high efficiency. Microwaves act as high frequency
electric fields and will generally heat any material containing mobile electric
charges, such as polar molecules in a solvent or conducting ions in a solid. Polar
solvents are heated as their component molecules are forced to rotate with the field
and lose energy in collisions. Compared to the traditional heating method,
microwave has a few of advantages including reaction rate acceleration, milder
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reaction conditions, higher chemical yield, and lower energy usage. However, due to
the design of the most microwave ovens, the heat was usually adsorbed unevenly, so
the microwave field is usually non-uniform and localized superheating occurs.

Figure 3.2 Schematic diagram of stainless steel autoclave.

3.3.2

Hydrolysis

Hydrolysis usually means the cleavage of chemical bonds by the addition of water. A
common kind of hydrolysis occurs when a salt of weak acid or weak base (or both) is
dissolved in water. Water spontaneously ionizes into hydroxide anions and hydrogen
cations. The salt dissociates into its constituent anions and cations. For example, Tin
(IV) chloride dissociates in water into Sn and chloride ions. Chloride ions react very
little with the hydrogen ions whereas the Sn ions combine with hydroxide ions to
produce Sn(OH)4. In this case the net result is a relative excess of hydrogen ions,
giving an acid solution. Based on the hydrolysis rate of the chemicals in different
solvents, we can control the size, morphologies and composition of the final
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products. Besides, the addition of the surfactants during the hydrolysis procedure can
control the shape and size more effectively.
3.3.3

Sonication

Sonication is the act of applying sound energy to agitate particles in a sample, and it
has numerous effects, both chemical and physical. In chemistry, upon irradiation
with high intensity sound or ultrasound, acoustic cavitation usually occurs.
Cavitation – the formation, growth, and implosive collapse of bubbles irradiated with
sound — is the impetus for sonochemistry and sonoluminescence. Bubble collapse in
liquids produces enormous amounts of energy from the conversion of kinetic energy
of the liquid motion into heating the contents of the bubble. The compression of the
bubbles during cavitation is more rapid than thermal transport, which generates a
short-lived localized hot-spot.
In terms of chemical kinetics, it has been observed that ultrasound can greatly
enhance chemical reactivity in a number of systems by as much as a million-fold;
effectively acting as a catalyst by exciting the atomic and molecular modes of the
system (such as the vibrational, rotational, and translational modes). In addition, in
reactions that use solids, ultrasound breaks up the solid pieces from the energy
released from the bubbles created by cavitation collapsing through them. This gives
the solid reactant a larger surface area for the reaction to proceed over, increasing the
observed rate of reaction.
Sonochemistry can be performed by using a bath (usually used for ultrasonic
cleaning) or with a high power probe, called an ultrasonic horn.
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3.3.4

Chemical vapour deposition carbon coating

Chemical vapor deposition (CVD) process is often used in the semiconductor
industry to produce thin films, which involves a chemical process to produce highpurity, high-performance solid materials. In typical CVD, the wafer (substrate) is
exposed to one or more volatile precursors, which react and/or decompose on the
substrate surface to produce the desired deposit. Frequently, volatile by-products are
also produced, which are removed by gas flow through the reaction chamber. In this
work, the CVD carbon coating process was carried out in a tube furnace in the flow
of acetylene (C2H2). With the increasing of temperature, the acetylene decomposed
into a thin film of carbon layer on the surface of the material, and simultaneously, the
decomposition of acetylene can also be as the reducing agent for the reduction of
metal oxide. So, this is a facile, effective way for the coating of carbon thin film and
reduction of metal oxide.
3.3.5

Reductive precipitation

Reductive precipitation is one of the wet chemical methods, which involves a process
of reducing metal salts by reducing agent to form metal particles. Generally, some
kinds of reducing agent were added into metal salt solution, and then the metal salts
can be effectively reduced into metals. In this work, Tin-antimony alloy
nanoparticles were co-precipitated from their chloride salt by sodium borohydride
which is strong reducing agent. This method is comparatively facile and fast, and can
scale up easily.
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3.4
3.4.1

Physical characterization methods
X-ray diffraction

X-ray diffraction (XRD) is powerful tool to study the atomic and molecular
structures of a crystal, in which the crystalline atoms cause a beam of X-rays to
diffract into many specific directions. A three-dimensional picture of the density of
electrons within the crystal can be produced by measuring the angles and intensities
of these diffracted beams. The atoms in the crystal can also be determined, as well as
chemical bonds and other information.
X-rays are the waves of electromagnetic radiation, and crystals are regular arrays
of atoms. When the material is exposed to the X-ray, a regular array of scatterers will
produce a regular array of spherical waves. The scattering from all the different sets
of planes forms unique pattern of a given compound. Bragg’s law describes the
diffraction condition from planes with spacing, d:
2dsin =

(3.1)

where d is the distance between diffracting plans,
X-ray beam, n is any integer, and

is the wavelength of the incident

is the angle of incidence experienced by the X-

ray beam reflection from the faces of the crystal. The crystal size of materials can
also be estimated and calculated according to the Scherrer formula:

D

K
cos

(3.2)

Where K is the shape factor of the average crystallite (with a typical shape factor
around 0.9),

is the X-ray wavelength,

is the half-peak width, and 2 is the peak

position (°).
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The XRD device used in this thesis is GBC MMA diffractometer in UOW. Cu K
radiation,
3.4.2

= 1.5406 Å.

Scanning electron microscopy

Scanning electron microscope (SEM) is a type of electron microscope and is also a
main characterization method to determine the morphology of the prepared
nanomaterials. When scanning the specimen with a focused beam of electrons, the
electrons will interact with atoms in the sample, the images of the sample can be
produced by various signals containing information of the sample's surface
topography and composition. The electron beam is generally scanned in a raster scan
pattern, and the beam's position is combined with the detected signal to produce an
image. SEM can achieve resolution better than 1 nm when optimized. For less
conductive samples, a thin layer of platinum is sputter coated on the surface to
prevent charging build up. The SEM used in this work is JOEL 7500F.
3.4.3

Transmission electron microscopy

Transmission electron microscopy (TEM) is a microscopy technique in which a
beam of electrons is transmitted through an ultra-thin specimen, interacting with the
specimen as it passes through. An image is formed from the interaction of the
electrons transmitted through the specimen and is magnified and focused onto an
imaging device which can give information including morphology, lattice spacing,
crystal orientation and electron diffraction. TEMs are capable of imaging at a
significantly high resolution owing to the small de Broglie wavelength of electrons.
Selected area (electron) diffraction (SAD or SAED) is a crystallographic
experimental technique that can be performed inside a transmission electron
microscope (TEM). In a TEM, when a thin crystalline specimen is exposed to a
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parallel bean of high-energy electrons, the atoms acting as a diffraction grating are
diffracted by the wave-like electrons. Depended on the crystal structure of the
sample, the fraction will be scattered to particular angles. SAD technique is a
complimentary of XRD, which can be used to identify crystal structure and examine
crystal defects, and even the areas as small as several hundred nanometers in size.
For nanoparticles or nanocrystals, SAD gives ring patterns analogous to those from
X-ray powder diffraction, and can be used to identify texture and discriminate
nanocrystalline from amorphous phases. The TEM used in this experiment is the
JEOL 2011 (200 keV).
3.4.4

Energy dispersive x-ray spectroscopy

Energy-dispersive X-ray spectroscopy (EDS, EDX, or XEDS) is an analytical
technique used for the elemental analysis or chemical characterization of a sample.
EDS analyse the characteristic X-rays emitted from specimen after being stimulated
by high-energy beam of charge particles such as electrons or protons, or a beam of
X-rays based on the fundamental principle that the each element has a unique atomic
structure. Qualitative and quantitative information of the chemical composition and
elements can be obtained. The EDS is usually attached to SEM and TEM. In this
work, EDS analyses were used in both SEM and TEM studies of the materials.
3.4.5

Raman spectroscopy

Raman spectroscopy is a spectroscopic technique used to observe vibrational,
rotational, and other low-frequency modes in a system. Usually, the laser light
interacts with molecular vibrations, phonons or other excitations in the system,
resulting in the energy of the laser photons being shifted up or down, which gives
information about the vibrational modes in the system. In this work, Raman
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spectroscopy was used as a complementary technique to XRD to further determine
composition of materials. The facilities used in this work are the JOBIN YVON
HR800 with 632.8 nm laser and the WITec Alpha 300R with 532.6 nm laser.
3.4.6

Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy (FTIR) is a technique used to obtain an
infrared spectrum of absorption, emission, photoconductivity or Raman scattering of
a solid, liquid or gas. An FTIR spectrometer simultaneously collects spectral data in
a wide spectral range. . Infrared spectroscopy is similar to Raman spectroscopy, and
can provide complementary information. FTIR spectroscopy was used in this work to
detect the presence of surface oxide layer on the metal nanoparticles, and JASCO
FT/IR-4100 is used.
3.4.7

Thermogravimetric analysis

Thermogravimetric analysis or thermal gravimetric analysis (TGA) is a method of
thermal analysis in which changes in physical and chemical properties of materials
are measured as a function of increasing temperature (with constant heating rate), or
as a function of time (with constant temperature and/or constant mass loss). TGA is
commonly used to determine selected characteristics of materials that exhibit mass
changing due to decomposition, oxidation, or loss of volatiles (such as moisture). In
this work, we mainly used this facility to estimate the carbon content in the
composite materials. The composites were heated to 900 oC in air, where carbon will
be oxidized into carbon oxide.
3.4.8

Brunauer-Emmett-teller surface area analysis

Brunauer-Emmett-teller surface area analysis is an important technique for the
measurement of the specific surface area of a material. The analysis is based on the
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Brunauer-Emmett-teller (BET) theory that aims to explain the physical adsorption of
gas molecules on a solid surface. The analysis is carried out at liquid nitrogen
temperature (77K). Samples have to be degassed before analysis to get rid of trace
H2O in the samples. Furthermore, based on the Barrett-Joyner-Halenda (BJH)
desorption method, pore size distributions of the sample can be calculated from the
isotherms obtained in the BET analysis. The measurements were conducted on a
Quantachrome Nova 1000.
3.4.9

X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive quantitative
spectroscopic technique that measures the elemental composition at the parts per
thousand range, empirical formula, chemical state and electronic state of the
elements that exist within a material. XPS spectra are obtained by irradiating a
material with a beam of X-rays while simultaneously measuring the kinetic energy
and number of electrons that escape from the top 0 to 10 nm of the material being
analysed. Elements can be identified from the spectra based on the characteristic
binding energies associated with electrons in their orbitals.
3.5

Electrochemical characterization methods

To investigate the lithium/sodium storage properties of the nanostructured materials,
the electrochemical measurements we need to use in the work include the preparation
of electrode, assembly of coin cells, galvanostatic cycling and cyclic voltammetry.
3.5.1

Coin-type half-cell assembly

The working electrodes were prepared by mixing the active materials, a conductive
agent (carbon black, or Ketjen black), and a binder (PVDF or PAA/CMC) in a
solvent (NMP for PVDF, water for PAA/CMC) to form a homogeneous slurry using
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a mortar and pestle or a rotary mixer. The slurry was then pasted onto Cu (for anode)
or Al (for cathode) foil using a doctor blade technique. The prepared working
electrodes were dried in a vacuum oven at 120 °C or at low temperature, depending
on the properties of the materials, for over 12 hours. The electrode using the PVDF
binder was pressed under 20 MPa for 10 s to improve the contacts. The electrodes
using the PAA/CMC binder do not need undergo pressing treatment. The dried
electrodes were punched into 1 cm2 pieces and moved into an argon filled glovebox.
The cell assembly was carried out in an Ar-filled glove box (MBraun) with
moisture level controlled below 1 ppm. CR2032-type coin cells were used in this
doctoral work. The lithium or sodium disk was placed at the negative cap, followed
by a polypropylene separator for LIB or glass fibre for SIB, as prepared electrode,
stainless steel spacer, and spring. The electrolyte used in the cell depends on the
material. Lastly, the positive cap was stacked after the spring and the assembly was
crimpled to ensure air tight sealing.
3.5.2

Galvanostatic charge/discharge

The electrochemical performance can be investigated by the galvanostatic
charge/discharge testers under a constant current mode. The charge or discharge
capacity (Q) can be calculated from the applied current and the total accumulated
time used to fully charge or discharge. Rate performance can also be tested by
varying the current applied over cycles. The instruments used in the work are
Neware battery tester or Land battery tester.
3.5.3

Cyclic voltammetry

Cyclic voltammetry (CV) is an electrochemical technique used to measure the
reaction involved in the cell. In a CV experiment the working electrode potential is
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ramped linearly versus time at a specified scan rate and the response current is
recorded. The CV testing is based on the two-electrode model, in which lithium foil
act as reference electrode and counter electrode, when a redox reaction is present in
the electrochemical reaction, a distinct peak can be observed at both the positive and
negative scan. The CV data were acquired on VMP3 electrochemical workstations.
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4 SYNTHESIS OF HOLLOW GEO2 NANOSTRUCTURES,
TRANSFORMATION INTO GE@C, AND LITHIUM STORAGE
PROPERTIES

4.1

Introduction

Rechargeable lithium ion batteries (LIBs) are currently one of the most important
energy storage devices for portable electronics. In order to meet the requirements of
highly demanding applications, such as electric vehicles, lithium ion batteries with
higher power or energy density are needed [1]. This can be achieved by utilizing
electrode materials with higher specific capacity than the current commercial
electrode materials.[2-4] In terms of capacity, group IVA elements are the most
promising as anode material for LIBs, especially silicon and germanium, which have
theoretical capacities of 4200 and 1600 mAh/g, respectively.[1] Compared to Sibased materials, Ge has attracted less attention due to its higher cost; however, with
the increasing interest in Ge as a potential anode material, the cost could gradually
decrease. In addition to the high theoretical capacity, the lithium diffusivity and the
electrical conductivity of Ge are 400 and 10 4 times higher, respectively, than for Si at
room temperature.[5-7] Furthermore, Ge exhibits a lower specific volume change
during the Li insertion/extraction process than Si, which can be expected to lead to
better cycling performance at comparable capacity.[5, 6] It has been reported that
the mechanical stress, which is related to volume changes in excess of 200%, can
induce pulverization and aggregation, as well as loss of the electrical interphase
contact, which lead to increased diffusion lengths and poor cycling stability.
Therefore, it is crucial to find a solution to reduce the degree of volume change.
Several strategies have been proposed to improve the cycling stability of germanium,
for example, decreasing the particle size,[8] using elemental alloys,[9] designing
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unique morphologies,[10, 11] dispersing germanium into an inactive matrix,[12] or
using novel electrolytes,[8] but the cycling performance still needs to be further
enhanced to meet the increasing demands of next generation LIBs.
Materials with hollow nanostructures have recently attracted considerable interest
as an important family of functional materials with technological significance in
energy storage and conversion, catalysis, gas sensing, and biomedicine. [13-16] In
terms of lithium ion batteries, the void space in the hollow nanostructure can
efficiently increase active area, accommodate large strain from the alloying reaction
of the active material with lithium, and prevent detachment of the active materials
from the electrode framework.
Herein, we report on the synthesis of a GeO2 hollow nanostructure using a one-pot
ultrasonication method. To the best of our knowledge, this is the first report on the
synthesis of hollow GeO2 nanostructures. In addition, we have investigated the
formation mechanism of the ellipsoidal GeO2 and the effects of SnCl4 on the
formation of the hollow structure. As elemental germanium performs better as anode
material for LIBs compared to GeO2, we have employed a simultaneous carbon
coating and thermal reduction method in order to reduce the GeO2 to Ge while
maintaining the nanostructure. The germanium@carbon (Ge@C) shows high
capacity and excellent cycling stability as anode material for the LIB.
4.2

Experimental section

Hollow ellipsoidal GeO2 structures were synthesized by hydrolysis of GeCl4 under
ultrasonication. In a typical procedure, the molar ratio of Ge to Sn is 1:1. 1.635 g of
SnCl4·5H2O was dissolved in 35 mL of ethanol (99.9%, anhydrous, Sigma Aldrich)
and left under ultrasonication for 10 min. GeCl4 (99.99%, Alfa, Aesar)/ethanol (1
g/10 mL) solution was then added into the above SnCl4 solution. Subsequently, 7 mL
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of deionised water and 1 mL concentrated NH3·H2O were added into the above
solution, followed by ultrasonication for 120 min. The white precipitate was
collected by centrifugation and rinsed several times with ethanol before drying at 80
o

C under vacuum to obtain the GeO2 hollow ellipsoidal precursor. The precursor was

then ready for further processing and characterization. To investigate the formation
mechanism of hollow ellipsoidal GeO2, a series of time-dependent experiments (5,
30, 50, 90 min under ultrasonication) was also conducted. Furthermore, in order to
clarify the effects of SnCl4 on the morphology, two ratios of Ge to Sn (1:0.5, 1:0)
were also used to make samples under the same conditions. The precursors with
ratios of 1:1, 1:0.5, and 1:0 were denoted as GeO2-1, GeO2-2, and GeO2-3,
respectively.
Hollow carbon ellipsoids containing germanium nanoparticles (denoted as
“Ge@C”) were synthesized by the chemical vapour deposition (CVD) method in a
horizontal tube furnace. The gases used in the experiment were 5% H2 in argon, 10%
C2H2 in argon, and 99.99% argon. In a typical procedure, GeO2 precursor was firstly
heated to 650 oC in the flowing C2 H2/Ar mixture and kept at that temperature for 30
min. The C2H2/Ar mixture was then replaced by a H2/Ar mixture, and the flow
continued for 2 h. The furnace was then left to cool to room temperature in Ar
atmosphere. The heating rate used throughout the experiment was 5 oC/min. For
comparison, the pure Ge sample was annealed under the same conditions, but
without the flowing C2 H2.
Material Characterizations: the structure and morphology of the as-prepared
samples were characterized by X-ray diffraction (XRD; MMA GBC, Cu K
radiation), field emission scanning electron microscopy (FESEM; JEOL-7500, 2
keV), and transmission electron microscopy (TEM; JEOL-2010, 200 keV).
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Thermogravimetric analysis was conducted on a TA 2000 Thermo-analyzer. The
electrochemical tests were carried out via CR2032 coin type cells. The working
electrodes were prepared by mixing the as-prepared Ge@C, Ketjenblack, sodium
carboxymethyl cellulose, and polyacrylic acid at a weight ratio of 80:10:5:5. The
resultant slurry was pasted on Cu foil and dried in a vacuum oven at 150 °C for 5 h.
Coin cells were assembled in an argon-filled glove box (Mbraun, Unilab, Germany)
by stacking a porous polypropylene separator containing liquid electrolyte between
the composite electrode and a lithium foil counter electrode. The electrolyte
consisted of a solution of 1 M LiPF6 in ethylene carbonate / dimethyl carbonate /
diethyl carbonate (EC/DMC/DEC; 3/4/3 v/v; Novolyte) with 5 wt% fluoroethylene
carbonate (FEC) additive. Cyclic voltammograms were collected on a VMP-3
electrochemical workstation at a scan rate of 0.1 mV/s. The discharge and charge
measurements were conducted on a Land CT2001A battery tester and the rate
performance were measured on an Arbin tester
4.3

Results and discussion

The formation of the hollow GeO2 precursor is illustrated in Figure. 4.1, and the
corresponding field emission

scanning electron microscope (FE-SEM) images of

GeO2 precursors at different reaction times are presented in Figure. 4.2. In a basic
solution, the hydrolysis of Ge4+ and Sn4+ can occur simultaneously to generate
insoluble GeO2 and Sn(OH)4 white precipitates, as shown in Figure.4.3 (a, b). In
order to minimise the free energy, the small nanoparticles gradually self-assemble to
form large ellipsoids. Simultaneously, gradual dissolution of the Sn(OH)4 templates
also takes place due to the basic etching under continuous ultrasonication. When the
reaction time reaches 120 min, GeO2 hollow ellipsoidal structures with well-defined
interiors and compact shells are eventually formed after complete dissolution of the
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Sn(OH)4. Sn(OH)4 was selected as the template because it has good material
compatibility with GeO2 and can slowly dissolve in a basic solution under
continuous ultrasonication, while the GeO2 precipitate can only dissolve in strong
basic or acidic solution; therefore, in principle, the hollow structure can be generated
as a result of simultaneous etching of the Sn(OH)4 template. The volume of the
hollow interior can also be adjusted by the reaction time of the ultrasonication and
the ratio of GeCl4 to SnCl4 in the starting materials. The crystallographic structures
of samples with different reaction times were determined by X-ray diffraction as
shown in Figure.4. 3. Except for the reaction time of 5 min, the diffraction patterns of
all of the other samples can be indexed to hexagonal GeO2 (PDF # 36-1463), and no
peaks indexed to Sn(OH) 4 can be observed due to its poor degree of crystallinity;
therefore, in order to detect the Sn content in the samples, energy dispersive X-ray
spectroscopy (EDS) analysis was employed to detect the elemental distribution. As
shown in Figure.4.4 we can observe that the peaks of Sn gradually become weaker in
intensity from 5 min reaction time to 90 min, and after 120 min, the peak ascribed to
Sn was not observed, which further indicates that the Sn(OH)4 has dissolved
completely after 120 min in the basic solution under ultrasonication.

Figure 4.1 Schematic illustration of the formation of GeO2 hollow structures: (I) coprecipitation of GeO2 and Sn(OH)4 nanoparticles, (II) self-assembly of nanoparticles
under ultrasonication, (III) continuous growth and dissolution of Sn(OH)4 cores by
basic etching, (IV) formation of GeO2 hollow ellipsoidal structures.
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Figure 4.2 FE-SEM images of GeO2 precursors synthesized at different reaction
times: (a, b) 5, (c, d) 30, (e, f) 50, (g, h) 90, (i, j) 120 min.
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Figure 4.3 X-ray diffraction patterns of GeO2 precursors at different reaction times.

96

Figure 4.4 EDS spectra of GeO2 precursors at different reaction times with
corresponding FE-SEM images.
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In order to gain more insight into the effects of the ratio of GeCl4 to SnCl4 as
starting materials on the hollow ellipsoid morphology, a series of ratio-dependent
experiments (Ge4+ : Sn4+ = 1:1, 1:0.5, 1:0, with the resultant samples denoted as
GeO2-1,GeO2-2, GeO2-3, respectively) were conducted. The morphology and
microstructure of these three samples were also characterized using FE-SEM and
transmission electron microscopy (TEM), as shown in Figure. 5. A panoramic view
from Figure. 4.5 (a, d) reveals that in the presence of SnCl4 as the starting material, a
large amount of uniform GeO2 ellipsoids with an average diameter of 300-400 nm
was obtained after ultrasonication for 120 min. The FE-SEM images in Figure. 4.5
(b, e) clearly display the hollow nature of the GeO2 particles from the cracked
ellipsoid, but with the ratio of GeCl4 to SnCl4 increased to 1:0.5, the surfaces of the
hollow ellipsoids become rougher, as shown in Figure. 4.5 (e), compared to GeO2-1
in Figure. 4.1 (b). In the absence of SnCl4 in the starting material, the size
distribution of the ellipsoids is still uniform, as shown in Figure. 4.5 (g), but the
hollow structure is not observed and the centre of the ellipsoids is nearly solid, as
shown in Figure. 4.5 (h). The volume of the ellipsoids also becomes larger, with a
diameter of 500-600 nm, and in addition, the surfaces of the individual ellipsoids are
rougher compared to samples GeO2-1 and GeO2-2, which can be ascribed to the
increased size of the particles assembled into the ellipsoids without the addition of
SnCl4. The TEM images in Figure. 4.5 (c, f, i) show notable contrast differences
between the hollow and the solid parts, which further gives evidence that the hollow
volume decreases with increasing ratio of GeCl4 to SnCl4, and the size of the
ellipsoids becomes significantly larger without the addition of SnCl4. This indicates
that the morphology of the GeO2 precursor can be adjusted easily by adjusting the
SnCl4 content.
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Figure 4.5 Typical FE-SEM (a, b, d, e, g, h) and TEM (c, f, i) images for (a, b, c)
GeO2-1, (d, e, f) GeO2-2, and (g, h, i) GeO2-3.
It has been reported previously that carbon is a good matrix to accommodate the
volume change for group IVA elements (Si, Ge, Sn) during the charge/discharge
processes in lithium ion batteries. In this work, in order to reduce the GeO2 to
germanium metal and retain the hollow structure after annealing, acetylene was
selected to serve both as a reducing agent to partially transform the GeO2 to
germanium metal (Ge) and simultaneously as a carbon source to wrap the resultant
Ge ellipsoid. The carbon film that is decomposed from acetylene can be formed
uniformly on the surfaces of the hollow structures, and many void spaces between
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the germanium nanoparticles can be generated at the same time. This carbon shell
can further enhance the electrical conductivity of all the active material, and more
importantly, it can act as a matrix to accommodate the volume change during the
alloying reaction and protect the integrity of the initial hollow structure, as well as
preventing the continual formation of a solid electrolyte interphase (SEI) layer.[17]
X-ray diffraction (XRD) was used to characterize the Ge@C ellipsoids (Ge@C-1,
Ge@C-2, Ge@C-3), as shown in Figure. 6. The diffraction patterns of these three
samples can be indexed to pure Ge with diamond cubic phase (PDF#04-0545, a =
5.6576 Å), and no impurity phase was detected in any of the three patterns,
indicating that GeO2 was fully reduced to pure Ge at 650 oC in the C2H2/Ar and
H2/Ar atmospheres. In addition, Raman spectroscopy was also performed on both the
GeO2 precursors and Ge@C for the two composite samples, as shown in Figure. 4.7.
The Raman spectra of GeO2 in Figure. 4.7 (a) show peaks that match well with
previous reports in the literature,[8] and all of the peaks can be related to the
vibrations from GeO2. The Raman spectra in Figure.4. 7 (b) confirm the presence of
crystalline Ge, which is represented by a sharp peak at 292 cm-1, and the two other
peaks detected at 1317 and 1590 cm-1 can be ascribed to the D and G bands of
carbon. The level of surface oxidation of Ge after reduction was investigated by
Fourier transform infrared (FTIR) spectroscopy (Figure.4.8). Compared to the GeO2
precursor, no typical GeO2 peaks were detected in the Ge@C, which further indicates
that the GeO2 was totally reduced to Ge, in agreement with the results from XRD.
The carbon contents of the three samples were investigated by thermogravimetric
analysis (TGA), as shown in Figure.4.9. They were determined to be 16.7%, 14%,
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and 5.8% in Ge@C-1, Ge@C-2, and Ge@C-3, respectively. To further understand
the porous nature of the Ge@C (1, 2, and 3) samples, N2 adsorption-desorption
isotherms were collected as shown in Figure.4.10 (a, b, and c), and all of these three
samples show a typical IV isotherm shape, consistent with mesoporosity. The
Brunauer-Emmett-Teller (BET) surface areas for the Ge@C(1, 2, 3) samples were
determined to be 48, 41, and 31 m2/g, respectively. The pore size distribution (inset
of Figure.4.10) indicates that the majority of pores in the Ge@C-1 sample are around
30 nm in diameter, and the pore size becomes smaller ( ~ 15 nm) for Ge@C-2, while
the pore size for the Ge@C-3 sample is distributed randomly in the range from 10 to
50 nm, compared to other two samples. This indicates the mesoporous nature of the
hollow Ge@C ellipsoids.

Figure 4.6 X-ray diffraction patterns of Ge@C ellipsoids (Ge@C-1, Ge@C-2,
Ge@C-3).
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(a)

(b)
Figure 4.7 Raman spectra of (a) GeO2 precursors and (b) Ge@C.
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Figure 4.8 FTIR spectra of GeO2 precursors and Ge@C.
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Figure 4.9 TGA curves of Ge@C and pure Ge
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Figure 4.10 Nitrogen adsorption-desorption isotherms and Barrett-Joyner-Hallenda
(BJH) pore size distribution plots (inset) of hollow Ge@C ellipsoids

Figure 4.11 FE-SEM images of (a, d) Ge@C-1, (b, e) Ge@C-2, and (c, f) Ge@C-3
samples at different resolutions.
x
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Figure 4.12 TEM images at different resolutions of (a, d) Ge@C-1, where the inset
to (a) is the corresponding SAED pattern of Ge; (b, e) Ge@C-2; (c, f) Ge@C-3.

Figure 4.13 FE-SEM image of pure Ge after reduction in H2/Ar.

Further morphological and structural characterizations were carried out using both
FE-SEM and high resolution TEM (HR-TEM) microscopic methods. Figure.4.11 (a,
b, c) presents typical low-magnification FE-SEM images of the Ge@C(1, 2, 3)
ellipsoids, which showed a similar morphology to their GeO2 precursors. The
magnified FE-SEM images, as shown in Figure.4.11 (d, e, f), clearly indicate that the
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ellipsoidal structure can be retained after annealing in the acetylene atmosphere, and
the cracked ellipsoid also demonstrates the hollow nature of the Ge@C-1 and
Ge@C-2 ellipsoids. In addition, the TEM images in Figure.4.12 (a, b, c) show that
after acetylene decomposition, a uniform carbon layer was deposited on the particle
surfaces as a shell. For these three samples (Figure.4.12 (a, b, c)), many voids and
pores appeared between the Ge nanoparticles due to the associated volume changes
and gas release from the reduction of GeO2 to Ge. The TEM images in Figure.4.12
(d, e, f) indicate that the Ge nanoparticles are wrapped intimately within carbon
shells, and the thickness of the carbon shell is in the range of 3.6-9 nm for Ge@C-1
and ~ 7 nm for Ge@C-2 and Ge@C-3, respectively. The selected-area electron
diffraction (SAED) pattern (inset of Figure.4.12 (a)) also reveals the nature of the
Ge, and these visible diffraction rings can be indexed to diamond cubic Ge phase,
which is consistent with the XRD patterns. The calculated d-spacings from the
crystal lattice fringes for Ge@C-1, Ge@C-2, and Ge@C-3 in Figure.4. 12 (d, e, f)
are the same (0.32 nm), which can be assigned to the (111) plane of cubic Ge. Based
on the TEM images, it could be further confirmed that the Ge nanoparticles are
coated by a uniform carbon layer, and the pores and voids formed after reduction
from GeO2 to Ge can further provide more space to accommodate the volume
expansion during alloying/de-alloying processes, which would enhance the cycling
stability of Ge as anode material for LIBs. For comparison, we also reduced the
GeO2 precursor directly through flowing H2/Ar atmosphere, without the flowing
acetylene/Ar. As shown in Figure.4.13, it should be noted that the ellipsoidal
structure was totally destroyed, and the particles are aggregated together.
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The electrochemical performance of Ge@C-1 and Ge@C-3 were tested by the
galvanostatic discharge-charge technique between 0.01 and 1.5 V in coin-type half
cells. Figure.4.14(a) shows the first cycle voltage profiles of both samples. The first
discharge and charge capacities for Ge@C-1 were 1554 and 1220 mAh/g,
respectively, corresponding to the Coulombic efficiency of 78.5%. This is lower than
that of Ge@C-3, for which the first discharge and charge capacities of 1680 and
1365 mAh/g were recorded, and the corresponding Coulombic efficiency was
81.25%. The reason for the lower Coulombic efficiency of Ge@C-1 can be ascribed
to the smaller particle size and larger surface area, which results in more surface area
for SEI formation. In order to understand the electrochemical reactions of Ge@C
electrode, cyclic voltammetry (CV) was performed at a scan rate of 0.1 mV/s. The
CV curves for the first 5 cycles of Ge@C-1 are presented in Figure.4.15. During the
2nd reduction process, four peaks located at 0.5, 0.34, 0.17, and 0.08 V can be
detected, respectively, which correspond to the lithium alloying reaction to form
different Li-Ge phases. In the corresponding oxidation process, the peak at 0.6 V
indicates the de-alloying reaction of LixGe. In the subsequent cycling, the peaks
exhibit no shifts, indicating highly reversible lithiation/delithiation of Ge@C as
anode material for LIBs.
Figure.4.14 (b) shows the cycling performance of both samples, first at 0.1 C for 5
cycles, then at the 0.2 C rate (1 C = 1600 mA/g) for 200 cycles. It can be seen that
although the capacity of Ge@C-3 was higher than that of Ge@C-1 for the first 50
cycles, the capacity of Ge@C-3 faded gradually for the subsequent cycles, and at the
200th cycle, the capacity retention recorded was 83% (1137 mAh/g). In contrast, no
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capacity fading was observed for Ge@C-1, and the capacity retention is nearly 100%
(1285 mAh/g) after 200 cycles. In addition, although a large irreversible capacity
loss was observed in the first cycle, the reversibility of the capacity was significantly
improved afterwards, with an average Coulombic efficiency of 99% for up to 200
cycles. Furthermore, the cycling performance for both samples was also tested at the
1 C rate. The results were similar to the results at 0.2 C, with Ge@C-3 exhibiting a
slightly higher capacity than Ge@C-1 for the first 70 cycles, but the difference in the
capacity between these two samples decreased significantly after that. Additionally,
the specific capacity for Ge@C-1 showed a slight fading up to 200 cycles, where a
charge capacity of 1140 mAh/g was recorded, 90% of the capacity at the 5th cycle.
The capacity retention for Ge@C-3 was 81.4% (1083 mAh/g) after 200 cycles. The
capacity is still considerably higher, however, than in previous reports in the
literature.[10, 11, 18-26] The high capacity and excellent cycling stability of the
Ge@C-1 sample can be attributed to the hollow structure and porous carbon shells,
which can accommodate the volume changes during lithium reactions. In addition,
the porosity of the hollow carbon shells can also facilitate contact of the electrolyte
with the germanium nanoparticles. In contrast, the solid structure and lower surface
area of Ge@C-3 would lead to limited space to accommodate volume expansion
during cycling, which results in poor cycling stability.
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Figure 4.14 (a) Voltage profiles of Ge@C samples at the first discharge/charge cycle
at the 0.1 C/0.1 C rate; (b, c) cycling performance of the Ge@C samples at the 0.2
C/0.2 C rate and the 1 C/0.5 C rates, respectively; (d) rate performance of the Ge@C
samples with increasing rates from 1 to 25 C.
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The rate capability of Ge@C-1 and GeC@C-3 for charging is shown in Figure.4.
14 (d). For both samples, the discharge rate was fixed at the 0.5 C rate. At the lower
rates (1 C, 2 C, and 5 C), the trend in the capacity change for both samples is very
similar; there is marginal capacity fading as the rate increases. When the rate is
increased from 10 C to 25 C, however, the Ge@C-3 sample presents poor capacity
retention compared to Ge@C-1. The average charge capacity for Ge@C-3 was 984,
584, and 260 mAh/g at rates of 10 C, 20 C, and 25 C, respectively, and these values
correspond to 80%, 48%, and 21% of the charge capacity at the 1 C rate, but the
capacity could be nearly completely recovered when the rate was returned to 1 C. In
contrast, Ge@C-1 exhibited good rate performance at high rates. There is a slight
capacity decay observed up to 10 C, and the capacity retention value when the rate is
raised to 20 C is 66% (805 mAh/g) of the capacity at 1 C, which is much higher than
in previously reported work on germanium.[19, 23, 27] When the rate was further
increased to 25 C, the capacity recorded was 592 mAh/g, which is still higher than
the theoretical capacity of graphite (372 mAh/g). When the rate was returned to the 1
C rate, the capacity recorded was the same as that in the initial cycle at the 1 C rate.
The corresponding voltage profiles at different rates for both samples are presented
in Figure.4. 16 (a, b). With increasing C-rate, the polarization for Ge@C-3 is much
higher than for the Ge@C-1 sample, in agreement with the results in Figure.4. 14 (a).
In addition, the cycling performance at 5 C was also tested for both samples, as
shown in Figure.4. 16 (c). The trend in capacity decay is similar to the trend in
cycling performance at the 1 C rate. The capacity of Ge@C-1 and Ge@C-3 was 977
and 628 mAh/g after 90 cycles, respectively, which corresponds to 79.6% and 51%
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of the capacity at 1 C. This further indicates that Ge@C-1 exhibits better cycling
stability, especially at high rate, and the reason can be ascribed to the high surface
area and large pore size of the hollow structures, which can accommodate volume
expansion during charging/discharging processes. In addition, the carbon content in
Ge@C-1 and Ge@C-3 is different, which may affect the electrochemical
performance, so in order to exclude this issue, we synthesized an additional sample,
Ge@C-4, at 750 oC, with the other conditions kept the same as for Ge@C-3. The
carbon content of Ge@C-4 is 21.6%, which is very close to that of Ge@C-1. The
rate performance of Ge@C-4 is shown in Figure.4. 17.

Figure 4.15 Cyclic voltammograms for Ge@C-1 sample for the first 5 cycles at the
scan rate of 0.1 mV/s from 0.01 V to 1.5 V.
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(a)

(b)
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(c)
Figure 4.16 Voltage profiles of (a) Ge@C-1 and (b) Ge@C-3 at different rates, (c)
cycling performance of Ge@C-1 and Ge@C-3 at the 0.1 C/0.1 C
charging/discharging rate for the first 5 cycles, then at the 5 C/0.5 C
charging/discharging rate for the rest of the cycling.
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Figure 4.17 Rate performance of Ge@C-4 at increasing rates from 1 to 25 C, with
the discharging rate fixed at 0.5 C.
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4.4

Conclusion

In summary, we have designed mesoporous and hollow germanium@carbon
nanostructures (Ge@carbon) through simultaneous carbon coating and reduction of a
hollow ellipsoidal GeO2 precursor. The precursor was prepared through a facile onepot ultrasonication method. Furthermore, we investigated the formation mechanism
of the GeO2 ellipsoids and found that controlling the ratio of Ge4+ to Sn4+ generates
different hollow volumes. The hollow ellipsoidal Ge@C-1 sample exhibits better
cycling stability (100% capacity retention after 200 cycles at the 0.2 C rate) and
higher rate capability (805 mAh/g at 20 C) than the solid ellipsoidal sample (Ge@C3). The excellent electrochemical performance can be ascribed to the unique hollow
structure, which provides more voids and pores for accommodation of volume
expansion, as well as the uniform carbon film on the surfaces of the Ge
nanoparticles, which maintains their structural integrity and enhances the electronic
conductivity of the whole electrode; therefore, this hollow ellipsoidal Ge@carbon
structure can be considered as a potential anode material for lithium ion batteries.
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5 SELF-ASSEMBLY OF HIERARCHICAL STAR-LIKE CO3O4
MICRO/NANOSTRUCTURES AND THEIR APPLICATION IN
LITHIUM ION BATTERIES
5.1

Introduction

Current concerns about limited energy resources and greenhouse gas emissions have
brought about the need to consider renewable energies on a larger scale, especially
considering the projected widespread use of hybrid and electric vehicles. Lithium ion
batteries (LIBs) are currently the dominant power source for all sorts of electronic
devices and will be the battery of choice for electric vehicles due to their higher
energy density compared to other electrochemical energy storage systems.
Nevertheless, the demand for higher energy and higher power LIBs has prompted
numerous research efforts toward developing new high-performance electrode
materials[1-6]. In 2000, Tarascon et al. proposed transition metal oxides as a new
class of negative electrode materials for LIBs, which provide much higher capacity
compared to the commercialized graphite (372 mAh/g)[5, 6]. This is because
transition metal oxides undergo a conversion reaction mechanism where lithium-ions
reversibly react with the metal oxides to form Li2O. Therefore, it is possible to store
from 2 to 8 lithium ions per formula unit, depending on the oxidation state of the
transition metal.
Cobalt oxide (Co3O4) is one of the most promising transition metal oxides, due to
its ability to react with up to 8 Li+ per formula unit, which gives a theoretical
capacity of 890 mAh/g. In recent years, many Co3O4 nanostructures have been
synthesized and studied as anode materials, in such forms as hollow spheres[7],
hierarchical sphere[8], nanoneedles[9], nanowires[10], nanocages[11], nanotubes[12],
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nanorods[13], lemongrass-like[14]. In addition, Co 3O4/carbon composites such as
graphene/Co3O4[15,

16],

carbon

nanofiber/Co3O4[17-19],

and

mesoporous

carbon/Co3O4[20], as well as Co(OH)2/Co3O4 [21] were also studied. Although
improvements have been made in these reported works in terms of the cycling
stability of Co3O4, increasing the rate performance (power density) of Co3O4 remains
a major challenge due to the slow kinetics of the conversion reaction. One generally
accepted strategy to increase the rate of the lithium reaction is to decrease the size of
individual particles. This will result in an increased active surface area for lithium
reaction and also decrease the length of the lithium-ion pathways into the material.
Furthermore, anode materials that are microscopically connected to each other could
facilitate electron transfer between the current collector and the active materials.
Both of these strategies can be accommodated by microstructures with nanosize
building blocks, which have been designated as “hierarchical structures” in the
literature.
In this study, self-assembled hierarchical microstructures have been successfully
prepared via the hydrothermal method to first obtain Co(OH)F precursor, which is
then followed by subsequent annealing in air to obtain Co3O4. The Co(OH)F was
chosen as the precursor because under hydrothermal condition, the hierarchical starlike Co(OH)F nanoneedle array can be obtained, and after heat treatment, the
Co(OH)F can be readily oxidised to the targeted product Co3O4 in the air and the
micro/nanostructures can also be retained after heating. The as-prepared hierarchical
Co3O4 material displays novel star-like microstructures with a diameter of around 11
m along every diagonal axis, which are made up of bundled porous nanoneedles.
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Due to these unique structural features, the material exhibits good cycling stability
and rate capability when tested against a lithium metal counter electrode in a half
cell. The discharge and charge capacity is stabilized at 1025 and 995 mAh/g,
respectively, after 100 cycles at current density of 500 mA/g, so the material
demonstrates excellent reversibility. Additionally, in rate capability tests, this
material also showed an average specific charge capacity of 1050, 1040, 976, 736,
and 460 mAh/g at the current density of 0.5, 1, 2, 5, and 10 A/g, respectively. To the
best of our knowledge, this is the highest rate performance reported so far for Co 3O4
anodes. The results demonstrate that the self-assembled hierarchical structure can
effectively enhance both the cycling stability and the rate performance of Co3O4
anode materials for lithium ion batteries.
5.2

Experimental

Preparation of the Co(OH)F precursor: in a typical synthesis, an 0.08 mol/L solution
with 0.35 g (1.2 mmol) Co(NO3)2·6H2O, 0.22 g (6 mmol) NH4F, and 0.36 g (6
mmol) CO(NH2)2 was dissolved in 15 mL of deionized water under magnetic stirring
at room temperature. The as-obtained homogeneous solution was continually stirred
for 10 min and then transferred into a Teflon-lined stainless steel autoclave (capacity
of 25 mL). The liner was sealed, and the autoclave maintained at 120 °C for 6 h in an
electric oven[22]. The system was then cooled to ambient temperature naturally. The
final pink products were collected and rinsed with deionized water and ethanol three
times, followed by drying at 80 °C for 24 h under vacuum. The precursor was then
ready for further processing and characterization. To investigate the formation
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mechanism of the Co(OH)F, different reaction times (2, 4, and 10 h) were also
investigated, and the samples are denoted as Co-2h, Co-4h, Co-6h, and Co-10h.
Preparation of the hierarchical nanostructured Co3O4: the Co(OH)F precursors
produced with different reaction times were annealed at 350 °C in air for 2 h in a
tube furnace, followed by natural cooling to room temperature. The heating rate was
set to 5 oC/min.
Material characterization: the structure and morphology of the as-prepared samples
were characterized by X-ray diffraction (XRD; MMA GBC, Cu K radiation), field
emission scanning electron microscopy (FESEM; JEOL-7500, 2 keV), and
transmission electron microscopy (TEM; JEOL-2010, 200 keV).
Electrochemical testing was carried out via CR2032 coin type cells. The working
electrodes were prepared by mixing the as-prepared Co3O4, carbon black, and poly
(vinylidene difluoride) (PVDF) at a weight ratio of 8:1:1. The resultant slurry was
pasted on Cu foil and dried in a vacuum oven at 90 °C for 12 h. Coin cells were
assembled in an argon-filled glove box (Mbraun, Unilab, Germany) by stacking a
porous polypropylene separator containing liquid electrolyte between the composite
electrode and a lithium foil counter electrode. The electrolyte consisted of a solution
of 1 M LiPF6 in ethylene carbonate (EC)/dimethyl carbonate (DMC) (1:1, v/v).
Cyclic voltammograms were collected on a VMP-3 electrochemical workstation at a
scan rate of 0.1 mV/s. The discharge and charge measurements were conducted on a
Land CT2001A battery tester.
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5.3

Results and discussion

A typical XRD pattern of the as-prepared star-like Co(OH)F (Co-6h) is presented in
Figure.5.1. All of the diffraction peaks can be ascribed to the Co(OH)F phase with an
orthorhombic structure (PDF#50-0827, a = 10.28864 Å, b = 4.68307 Å, and c =
3.13011 Å). In addition, no diffraction peaks corresponding to Co(OH)2 can be
detected, signifying that the as-prepared material is Co(OH)F. The formation of
Co(OH)F can be described by the following steps:
2NH4+ + CO2 + 2OH

CO(NH2)2 + 3H2O
NH4F

NH4+ + F

Co2+ + OH + F-

(5.1)
(5.2)

Co(OH)F

(5.3)

It should be mentioned that the urea used in the present synthesis mainly serves as a
source for the generation of hydroxyl anions, as explained in Equation (5.1), while
the divalent cobalt cations and fluoride anions required in Equation (5.3) are from
Co(NO3)2·6H2O and NH4F.
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Figure 5.1 X-ray diffraction pattern of the as-prepared Co(OH)F (Co-6h) precursor
The morphology of the as-prepared Co(OH)F (Co-6h) was investigated using fieldemission scanning electron microscopy (FE-SEM), and a panoramic view of this
solid sample (Figure.5.2 (a)) reveals uniform star-like structures, assembled from
bundles of nanoneedles with lengths of 12-15 micrometers along every diagonal axis
(Figure.5.2 (b)). The long nanoneedles of this star-like assembly share a common
centre and extrude outwards along the radial direction (Figure.5.2 (c)). The detailed
structure and the growth direction of the Co(OH)F nanoneedles were further
examined by transmission electron microscopy (TEM). Figure.5.2 (d) shows a TEM
image of a single nanoneedle with a very smooth surface and a diameter of
approximately 50 nm. The high resolution TEM (HR-TEM) image in Figure.5.2 (e)
is the corresponding image of the area marked by the red circle in Figure.5.2 (d). It
shows an interplanar distance of 0.42 nm, matching the d-spacing of the (110) crystal
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planes of orthorhombic Co(OH)F. In addition, Figure.5 2 (f) shows the
corresponding electron diffraction pattern, which reveals diffraction spots indicating
the single-crystalline nature of the nanoneedles and their preferential growth along
the [111] direction.

Figure 5.2 FE-SEM images at different magnifications (a, b, c) of the hierarchical
star-like Co(OH)F (Co-6h) micro/nanostructures assembled from nanoneedle
bundles. (d) TEM image of an individual nanoneedle of Co(OH)F (Co-6h). (e) HRTEM image of the area marked with the red circle in (d). (f) The corresponding
selected area electron diffraction pattern of Co(OH)F (Co-6h).
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Figure 5.3 XRD patterns of Co(OH)F precursors obtained at different reaction times:
(a) 2 h, (b) 4 h, (c) 10 h.
In order to understand the evolution process of the star-like Co(OH)F, a series of
time-dependent experiments were conducted. Figure.5.3 displays a series of XRD
patterns of the Co(OH)F samples obtained at different reaction times. The
characteristic peaks of the products obtained at the reaction times of 2 h and 4 h were
in good agreement with those for the sample with the reaction time of 6 h, which can
be indexed to orthorhombic Co(OH)F. After increasing the reaction time to 10 h,
however, some impure peaks appeared in the XRD pattern which can be indexed to
Co(OH)0.7F1.3 and H2O. The morphologies of these intermediate products at the
different reaction stages were also examined. Figure.5.4 (a-f) shows representative
SEM images of the samples, which were collected stepwise after 2, 4, and 10 h of
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reaction, and a schematic representation of the morphological evolution process of
the star-like Co(OH)F is presented in Figure.5.4 (g). After 2 hours of reaction time
(Co-2h), hexagonal microplates were formed with diameters ranging from 2 to 5 µm
and thickness of less than 1 µm (Figure.5.4 (a, b)). The products from 4 hours of
reaction time (Co-4h) look similar to those from 2 hours (Co-2h) at first glance.
Upon closer inspection, however, nanodiscs were found to be growing on the surface
of the microplates (Figure.5.4 (d)). Furthermore, partially formed star-like structures
were also found; however, the nanoneedles were not well developed, as shown in the
inset of Figure.5.4 (c). After 6 hours of reaction time, the majority of the products
were star-like hierarchical structures, as shown in Figure.5.2 (a). When the reaction
time was extended to 10 h, the star-like structures turned into flower-like hexagonal
plate structures. The surfaces of these hexagonal plates show semicircular shaped
petals resembling those of a flower (Figure.5.4 (f, g)). The formation of the
hexagonal plates with compact surfaces may be due to the minimization of surface
energy and subsequent Ostwald ripening, in which the nanoneedles dissolve and
regrow into the compact hexagonal plates. A similar phenomenon has been reported
by Cao et al. on the formation of hexagonal cobalt plates[23]. Besides, the
formations of the hexagonal plates were also studied at reaction times of 10, 30 and
60 minutes. We found that there were no precipitates when the reaction times were
10 and 30 minutes, and the solution remained bright pink indicating little or no
reaction occurring. As the reaction time was increased to 60 minutes, pink
precipitates of less than 20 mg were collected. The sample reacted for 60 minutes
(Co-1h) was investigated using SEM, and the images are shown in Figure.5.5
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(Supplementary Information). The morphology of Co-1h is very similar to Co-2h,
where hexagonal microplates with diameter ranging from 3 to 4 micrometers and
thickness of less than 1 micrometer were observed.
In order to prepare Co3O4 star-like structures (Co-6h-A), we annealed the Co-6h
sample in air at 350 oC for 2 hours. Figure.5.6 shows the XRD pattern of the Co3O4
sample after annealing, and the peaks in the XRD pattern can be indexed as
crystalline Co3O4 (PDF# 43-1003, cubic symmetry, space group Fd3m, lattice
constant a = 8.09011 Å). No other peaks were found, and the Co(OH)F is thus fully
converted to Co3O4. The morphological and structural characterizations of the Co6h-A were carried out using both FE-SEM and TEM (HR-TEM). Typical low
magnification FE-SEM images of the star-like Co3O4 are shown in Figure.5.7 (a, b).
Note that the diagonal axes are around 12-15 m in length, which are very similar in
size to those of its precursor (Figure.5.2 (b)). Although the Co-6h-A sample still
preserves the star-like microstructure, the surface of the sample looks very rough, as
shown in Figure.5.7 (c). This is due to the associated gas release and dehydration of
the precursor during the annealing of Co(OH)F precursor, which leads to the end
product, Co3O4, forming a porous structure. The sample was further characterized
using TEM, and the image of an individual nanoneedle is shown in Figure.5.7 (d).
The morphology of the nanoneedles agrees with that observed from SEM. The
nanoneedles became porous, and they are clearly made from interconnected particles
of Co3O4. The grain size of the individual Co 3O4 nanocrystals shown in Figure.5.7
(e) is in the range of 15-20 nm, and the pore size is about 5 nm. An HR-TEM image
of Co 3O4 nanocrystals with lattice fringes is shown in Figure.5.7 (f1), and the
129

corresponding fast Fourier transform – electron diffraction (FFT-ED) pattern is
shown in Figure.5.7 (f2). The interplanar spacings are measured to be 0.47 nm and
0.28 nm, corresponding to the (111) and (002) crystal planes of Co3O4. It is
noteworthy that pores around 4 nm in diameter exist between the interconnected
nanocrystalline Co3O4 grains (15-20 nm), which can promote soaking of the
electrolyte into the material, thus shortening the intercalation pathways of Li + ions as
they move into the Co3O4 host structure, therefore enhancing its electrochemical
performance as anode material for LIBs. In addition, the samples at different heating
temperature (400 oC and 450 oC) were also conducted, and the FE-SEM images are
shown in Figure.5.8.
To further investigate the specific surface areas and the porous nature of the Co3O4
(Co-6h-A), the N2 adsorption-desorption isotherm at 77 K was reported in Figure.5.9,
with the inset showing their corresponding Barrett–Joyner–Halenda (BJH) pore-size
distribution. The BET specific surface area is 25 m2/g. The BJH pore-sizedistribution curve (inset) indicates that majority of the pores are around 2.2 nm in
diameter, and there are also pores ranging from 5 to 100 nm present in the sample.
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Figure 5.4 FE-SEM images of Co(OH)F precursors obtained at different reaction
times: (a, b) 2 h; (c, d) 4 h, (inset is the high resolution image of the area marked by
the red circle in Fig. (c); (e, f) 10 h; (g) schematic representation of the evolution of
the Co(OH)F precursor with the reaction time.
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Figure 5.5 FE-SEM images of Co(OH)F precursor obtained at reaction time of 60
min

Figure 5.6 X-ray diffraction pattern of the star-like Co3O4 (Co-6h).
Furthermore, the star-like Co3O4 (Co-6h-A) was tested for its lithium storage
properties as an anode material for LIBs in a coin-type half-cell against lithium metal
counter electrode. The galvanostatic discharge/charge profiles of the Co3O4 electrode
ata current density of 50 mA/g are displayed in Figure.5.10(a). In the first discharge,
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a short plateau at 1.25 V and a longer plateau at 1.1 V can be observed, which can be
ascribed to the reduction process to CoO and metallic Co, as well as the formation of
amorphous Li2O (Co3O4 + 8Li+ + 8e- = 3Co + 4Li2O). For the first charge, a voltage
plateau at around 2.4 V is recorded, corresponding to the process of oxidation of
metallic Co to Co3O4 and the decomposition of the Li2O matrix.
In addition, cyclic voltammetry (CV) was also performed on the Co-6h-A sample,
and the results are plotted in Figure.5.11. The CV shows peaks that correspond to the
voltage profile, thus confirming the electrochemical reaction in the material.
Furthermore, the discharge/charge profiles are consistent with those of other
transition metal oxides, such as Fe and Ni oxides, which involve the formation and
decomposition of Li2O and accompanying reduction and oxidation of metal
nanoparticles, as reported by P. Poizot et al[5].
The initial discharge capacity of the star-like Co 3O4 (Co-6h-A) electrode is 1324
mAh/g (~11.9 mol of Li)[24], while the initial charge capacity is 1036 mAh/g (~ 9.3
mol of Li), accounting for an initial coulombic efficiency of 78%. The irreversible
capacity during the first cycle can be attributed to the formation of the solid
electrolyte interphase (SEI) layer. It is noteworthy that the discharge and charge
capacities recorded were higher than the theoretical capacity of 890 mAh/g for the 8
Li+ reaction with Co3O4. The extra capacity recorded can be explained by two
mechanisms

which

were

previously

reported[24],

decomposition[25, 26] and interfacial storage[27].
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namely,

electrolyte

Figure 5.7 FE-SEM images at different magnifications (a, b, c) of the star-like
Co3O4 nanoneedle arrays. (d) TEM image of an individual nanoneedle of Co3O4, and
(e) high resolution image of Co3O4 nanoneedle. (f1) HR-TEM image of lattice
fringes of Co3O4 nanoneedle. (f2) Corresponding FFT-ED pattern generated from
Figure.7 (f1). (f3) Growth direction of Co3O4 in the selected area in (f1). (f4)
Corresponding inverse FFT (IFFT)-ED pattern generated from Figure.5.7 (f2).
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Figure 5.8 FE-SEM images of Co3O4 (Co-6-A) annealed at 400°C and 450°C,
respectively
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Figure 5.9 Nitrogen adsorption-desorption isotherm and pore-size-distribution curve
(inset) of Co3O4 (Co-6-A).
The former would lead to the formation of a gel-like polymeric layer on the surface
of the active material particles, which possibly contributes to the preservation of the
active material’s integrity. In addition, it is also believed to enable additional lithium
storage on its surface in a capacitive way, therefore contributing to the observed
extra capacity. The second mechanism is based on a two-phase capacitive behaviour
of the Li2O/Co interface that allows for the storage of Li+ ions on the lithium
compound side, whereas electrons are localized on the metallic side, thus leading to a
charge separation and extra capacity at low voltage.
The cycling performance of the star-like Co 3O4 (Co-6h-A) electrode at different
current densities is shown in Figure.5.10 (b). It should be noted that the reversible
discharge/charge capacity gradually increases to 1300 mAh/g and 1278 mAh/g,
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respectively, over the first 25 cycles at the current density of 50 mA/g, and the reason
for the increasing capacity should agree with the two mechanisms discussed above.
Then, the capacity gradually decreases to 1200 mAh/g at the 60th cycle and remains
stable up to the 100th cycle. We can observer that the capacity after 100 cycles was
still higher than that of the theoretical capacity, and the reason is likely due to the
reversible formation and decomposition of gel-like polymeric layer on the surface of
the active material during the charge/discharge process. A similar trend can also be
observed when the current densities are set to 0.5 A/g and 2 A/g (Fig. 6(b)). The
specific discharge and charge capacities recorded were 1025 and 995 mAh/g,
respectively, after the 100th cycle at 0.5 A/g, while 660 and 641 mAh/g were
recorded, respectively, after 100 cycles at the current density of 2 A/g, which
demonstrates the excellent cycling stability of star-like Co3O4 as anode material,
even at high current densities.
The rate capability was also investigated, and the results are presented in
Figure.5.10 (c). The discharge current density was fixed at 0.5 A/g, while the charge
current density was varied at 0.5, 1, 2, 5, and 10 A/g. The average charge capacity of
1050, 1040, 976, 736, and 460 mAh/g were recorded at 0.5, 1, 2, 5, and 10 A/g,
respectively.It should be noted that in the first 20 cycles, when the current density
increased from 0.5 A/g to 1 A/g, the specific capacity of the star-like Co 3O4 electrode
still increased gradually, which is in good agreement with the results from the
cycling performance, as shown in Figure.5.10 (b). Furthermore, the charge specific
capacity obtained at 10 A/g is 43.8 % of the capacity obtained at the current density
of 0.5 A/g and is still higher than the theoretical capacity (372 mAh/g) of graphite.
More importantly, when the current density was decreased back to 0.5 A/g again
after 50 cycles, an average specific charge capacity of 1140 mAh/g was recovered,
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which is slightly higher than the initial charge capacity at the current density of 0.5
A/g, indicating the high cycling stability of star-like Co3O4 as anode material for
LIBs and further confirming the results from Figure.5.10 (b).
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Figure 5.10 (a) Galvanostatic charge/discharge profiles of Co 3O4 (Co-6h) for
selected cycles at the current density of 50 mA/g, with the potential window from
0.01 V to 3 V; (b) cycling performance of Co3O4 (Co-6h) at the charge/discharge
current densities of 50 mA/g, 500 mA/g, and 2 A/g; (c) rate performance of Co3O4
(Co-6h) electrode; the discharge current density is fixed at 0.5 A/g.
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Figure 5.11 CV curves for the first 5 cycles of the Co-6h-A electrode with 0.1 mV/s
scan rate in the potential window from 0.01 to 3 V.

In order to compare the lithium storage performance of our star-like Co3O4 sample
with previously published reports on Co 3O4 nanostructures, we have listed the
electrochemical performances in Table. 5.1 for comparison. From Table. 5.1, we can
see that the star-like Co3O4 in this work exhibits the highest initial capacity, the
highest coulombic efficiency, and the highest capacity after cycling, compared to
those reported Co 3O4 samples in the forms of hollow spheres, needles, nanowires,
nanocages, and nanotubes, as well as in graphene or carbon/Co3O4 composites.
As it combines highly reversible capacity, excellent cycling stability, and high
coulombic efficiency with good rate capability, we believe that star-like Co3O4 with
porous nanoneedle bundles is a good candidate as anode material for the LIB. The
superior electrochemical performance of this star-like Co3O4 electrode can probably
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be attributed to the nanometer-sized subunits and pores. The small interconnected
Co3O4 nanoparticles provide a fast and efficient transport pathway for Li ions. The
porous structure of the nanoneedles contributes to the high specific surface area,
making the electrochemical reaction with lithium more active, and the internal pores
allow the Co3O4 to effectively buffer the volume change during the discharge/charge
process; therefore, it can maintain the integrity of the electrodes during cycling and
also maintain the cycling stability of the electrodes.
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5.4

Conclusions

In summary, we implemented a hydrothermal route to prepare Co(OH)F hierarchical
micro/nanostructures that are assembled from smaller building units of singlecrystalline nanoneedles. The effects of the hydrothermal reaction time on the
morphology of the precursors have been investigated in detail. With this synthetic
route, the precursor Co(OH)F compound was actually obtained through a gradual
morphological evolution from single hexagonal microplates, to nanodiscs assembled
on microplates, to hierarchical nanoneedles assembled on star-like microplates, and
finally to the flower-like circular microplates. Using this solid precursor, we have
also successfully prepared star-like Co O nanoneedle arrays via direct thermal
3

4

decomposition in air at 350 °C. As the anode material for lithium ion batteries, the
star-like Co O electrode exhibited highly reversible capacity, with specific charge
3

4

capacity of 1036 mAh/g in the first cycle at the current density of 50 mA/g, and by
100 cycles, the retained capacity was nearly 100 %. On increasing the current density
to 500 mA/g and 2 A/g, the capacities were 995 and 641 mAh/g after 100 cycles. In
addition, a capacity of 460 mAh/g could still be obtained at the even higher current
density of 10 A/g. The excellent electrochemical performance of the Co3O4
electrodes is proposed to be due to the porous interconnected hierarchical
nanostructures, which prevent the small particles from agglomerating and buffer the
volume change during the discharge/charge process.
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Table 5.1 Comparison of electrochemical performance of Co3O4 as anode material
for the LIB, as reported in the recent literature.
Materials

Current

Initial charge

Initial

Charge

density

specific

coulombic

capacity

(mA/g)

capacity

efficiency

after cycling
(mAh/g)

(mAh/g)
hollow sphere

178

1131

74%

Co3O4[7]
needle-like

cycles
50

950

58.7%

Co3O4[9]
Co3O4 nanowires

111

859

76.4%

50

741

73.56%

970 after 30
cycles

50

850

-

[12]

carbon

700 after 20
cycles

[11]
Co3O4 nanotubes

<500 after
80 cycles

[10]
Co3O4 nanocages

866 after 50

500 after
100 cycles

100

946.8

77%

nanofiber/Co3O4

776.3 after
100 cycles

[17]
mesoporous

70

703

33%

carbon/Co3O4 [20]
graphene /Co3O4

cycles
50

753

68.6%

nanoparticles [15]
This work

935 after 30
cycles

50

1036

hierarchical starlike Co3O4

541 after 30

78%

1200 after
100 cycles

500

984

995 after
100 cycles

2000

730

641 after
100 cycles
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6 RAPID MICROWAVE-ASSISTED SYNTHESIS OF MN3O4 - GRAPHENE
NANOCOMPOSITE AND ITS ENERGY STORAGE PROPERTIES

6.1

Introduction

Manganese oxide, due to its low toxicity and natural abundance, as well as its low
price, has been a key topic among the transition-metal oxides. Besides its potential
applications in diverse areas,

including catalysis[1-3] and

electrochromic

applications[4], its suitability for rechargeable lithium ion batteries (LIBs)[5], as well
as high power supercapacitors[6], has also attracted worldwide interest in the energy
storage field. The theoretical specific capacity of Mn3O4 is around 937 mAh/g, which
is nearly three times higher than that of graphite (~372 mAh/g). Nevertheless, only a
few papers have reported Mn3O4 in lithium batteries so far, as it is virtually an
insulator with very low electrical conductivity (~10 -7-10 -8 S/cm), which limits its
capacity to around 400 mAh/g, even with the addition of cobalt[7]. Graphene, as a
rising star in materials science with its well-defined two-dimensional honeycomblike network of carbon atoms, has aroused explosive interest in the nanoscience and
nanotechnology fields owing to its outstanding thermal stability[8], superior
electronic conductivity (~2000 S/cm)[9], large theoretical specific surface area
(~2630 m2/g), and high intrinsic mobility (200 000 cm2 v-1 s-1)[10, 11], as well as its
remarkable structural flexibility[12, 13]. Therefore, in the light of its fascinating
merits and low costs, it has been suggested that graphene sheets (GS) could be an
ideal substrate for growth of functional nanomaterials[14, 15] to render them
electrochemically active and electrically conductive. With this in mind, numerous
graphene-based inorganic nanocomposites with metal [16-19], metal oxides [20-23],
and sulfide have been successfully synthesized and show enhanced properties of
these host materials.
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Herein, we have employed a novel, facile, and fast one-pot microwave
hydrothermal technique to obtain well-organized Mn3O4 encapsulated in graphene
sheets (rGO-Mn3O4). Compared with the traditional hydrothermal method, the
microwave hydrothermal method can increase the kinetics of crystallization by
causing rapid nucleation and growth, which can dramatically reduce the reaction
time from 10 hours [24] or even several days via the conventional hydrothermal
method down to 30 min, as reported here, and therefore it can save a large amount of
energy. Additionally, the most important point to be noted is that, compared with the
conventional hydrothermal method, the application of microwaves in the heating
process offers a great possibility for large-scale batch reactions. Furthermore,
through the microwave hydrothermal method, various multifunctional nanomaterials
with intriguing morphologies, such as nanospheres, nanowires, and nanoporous
networks, can be produced effectively and efficiently [25, 26].
Through this rapid and robust in situ approach, the microwave hydrothermal
technique, a hierarchical nanocomposite of Mn3O4 embedded in graphene sheets
(rGO-Mn3O4) was synthesized directly from graphite oxide (GO) and manganese
acetate in the presence of anhydrous hydrazine. The reduction of GO and the loading
of Mn3O4 nanoparticles on the graphene sheets occurred simultaneously, which can
avoid the introduction of additional molecular cross-linkers to bridge the
nanoparticles and the graphene matrix. Therefore, the graphene sheets in the
composite can not only efficiently buffer the volume change of Mn3O4 nanoparticles
during charging and discharging processes, but also preserve the high electrical
conductivity of the whole electrode. As a consequence, the fabricated rGO-Mn3O4
hybrid material possesses high reversible capacity, good cycle life, and high rate
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capability as anode material for lithium ion batteries, and hence could be considered
as a candidate electrode material for high-performance energy storage devices.
6.2
6.2.1

Experimental
Synthesis of the rGO-Mn3O4 nanocomposite

Graphite oxide was prepared using a modified Hummers’ method as described
elsewhere[27]. In a typical preparation of rGOrGO-Mn3O4 nanocomposite, 20 mL of
GO (0.5 mg/mL) suspension was diluted to 100 mL solution by adding 80 mL
deionized water, followed by stirring for 0.5 h. Then, 10 mL of manganese acetate
aqueous solution (0.2 M) was added into the as-prepared GO dispersion under
vigorous magnetic stirring for 4 hours, and 2 mL of NaOH aqueous solution (2 M)
was added dropwise to the above mixture, followed by stirring overnight.
Subsequently, 0.2 mL hydrazine anhydrous was added to the above solution with
stirring for 0.5 h, and then the solution was diluted by addition of 100 mL deionized
water. Finally, 20 mL of the resultant brown solution was transferred to a Teflonlined autoclave and then was irradiated by microwaves for 30 min at 150 oC at a fast
heating rate. Please note that the temperature we used is lower and the process is
much faster than that reported recently[15]. After the reaction, the precipitate was
collected with a centrifuge and rinsed with deionized water and ethanol three times,
respectively. Afterwards, the obtained powders were dried at 60 oC overnight in a
vacuum oven. For comparison, nanocomposites with other ratios of Mn3O4 to rGO
(composite 1, composite 3) were also prepared by the same experimental procedure,
except that the amount of GO and anhydrous hydrazine were 50 mL and 0.19 mL,
and 150 mL and 0.27 mL, respectively. Bare Mn3O4 nanoparticles was also prepared
by the same experimental procedures but without added graphite oxide. The content
of rGO in the composites was estimated by using thermogravimetric analysis (TGA).
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It was found that the weight percent of rGO in the three rGO-Mn3O4 nanocomposites
was about 18.8 wt.%, 31.6 wt.%, and 45 wt.%, respectively in Figure. 6.1.

Figure 6.1 TGA curves of rGO(18.8%)-Mn3O4 nanocomposite (composite 1) ,
rGO(31.6%)-Mn3O4 nanocomposite (composite 2), rGO(45%)-Mn3O4
nanocomposite (composite 3), and bare Mn3O4 nanoparticles.

6.2.2

Materials characterization

The phase structures and molecules of the as-prepared products were characterized
by MMA GBC X-ray diffraction with Cu K radiation and Raman spectroscopy
(Jobin Yvon HR800). The morphology and size of the as-obtained products were
investigated using a field-emission scanning electron microscope (FESEM; JEOL7500, 2keV) and a transmission electron microscope (TEM, JEOL 2011 200 keV).
Thermogravimetric analysis was conducted on a TA 2000 Thermoanalyzer. The
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working electrodes were prepared by mixing the as-prepared samples, carbon black
(Super P, MMM, Belgium), and poly (vinyl difluoride) (PVDF) in a weight ratio of
8:1:1. The resultant slurry was pasted on Cu foil for lithium ion battery, and pasted
on stainless steel mesh for supercapacitor, and then dried in a vacuum oven at 80 oC
for 8 h. The lithium storage measurements were carried out in CR2032 coin cells
with Li foil as the counter electrode and 1 M LiPF6 in 1:1 ethylene carbonate (EC)
and dimethyl carbonate (DMC) as the electrolyte. Cyclic voltammograms were
collected on a VMP-3 electrochemical workstation at a scan rate of 0.1 mV s-1. The
discharge and charge measurements were conducted on a Land CT2001A battery
tester. For the measurement of supercapacitor, beaker-type three-electrode cells were
assembled with a working electrode, a counter electrode (platinum foil), and a
reference electrode (saturated calomel electrode (SCE)) in 1 M Na2SO4 electrolyte.
Cyclic voltammetry (CV) and galvanostatic charge-discharge measurements were
performed over the potential range from - 0.1 V to 0.8 V at various scan rates (5 to
50 mV/s) and different current densities (0.2 A/g - 5 A/g) on a VMP-3
electrochemical workstation.
6.3

Results and discussion

Figure. 6.2 presents the X-ray diffraction (XRD) patterns of graphene, graphite oxide
(GO), and bare Mn3O4 nanoparticles, as well as the as-prepared rGO(18.8%)-Mn3O4
nanocomposite, respectively. The diffraction peak at 9.7o is indexed to GO in Figure.
6.2(b), and the appearance of the (002) diffraction line at 23.4o for graphene[28] in
Figure. 6.2(a) gives evidence that the graphite oxide was reduced to graphene during
the microwave hydrothermal process. Meanwhile, it can also be observed that the
graphene peaks become broadened after the reduction, which is a typical pattern of
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amorphous carbon structure[29], revealing that the stacking of rGO is substantially
disordered.
The characteristic peaks, as labelled in Figure. 6.2(c) and (d), of the crystal
structure of Mn3O4 in both the nanoparticles and the nanocomposite are in good
agreement with tetragonal spinel with space group I41/amd (JCPDS card: 24-0734),
which also matches well with previous reports in the literature [24], and no other
impure crystalline phases were observed. The peaks of the rGO(18.8%)-Mn3O4
nanocomposite become broadened compared with those of bare Mn3O4, indicating
that the grain size of the Mn3O4 nanoparticles is smaller in the presence of the rGO
encapsulation than for the bare Mn3O4.
In addition, the presence of both graphene and Mn3O4 can be confirmed from
typical peaks in the Raman spectra (Figure. 6.3). Raman scattering probes the
vibration modes of both crystalline and amorphous materials, providing
complementary structural information to X-ray diffraction. Figure. 6.3 presents the
Raman spectra of GO, rGO(18.8%)-Mn3O4 composite and bare Mn3O4 nanoparticles.
For the GO and rGO(18.8%)-Mn3O4 samples, the G band (1604 cm-1) arises from the
zone centre E2g mode, corresponding to ordered sp 2 bonded carbon, whereas the D
band (1330 cm-1) is ascribed to edges or disordered layers. The intensity ratio of the
D to the G band (ID/IG) provides a sensitive measure of the disorder and crystallite
size of the graphitic layers[30]. The intensity ratio (1.08) of ID/IG for GO is lower
than that (1.31) of rGO(18.8%)-Mn3O4 composite, suggesting that the reduction of
exfoliated GO leads to smaller and more disordered layers, as well as dramatically
decreasing the layer numbers of graphene[31]. In addition, minor peaks at 317, 374,
and 475 cm-1, and a dominant peak at 652 cm-1 in rGO(18.8%)-Mn3O4
nanocomposite can be ascribed to crystalline Mn3O4[32], which is substantially
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coincident with the bare Mn3O4. The Raman spectrum of rGO(18.8%)-Mn3O4
nanocomposite is actually that of a combination of pure graphene and bare Mn3O4.
This implies that Mn3O4 and rGO are all in their own pristine structure, and no
reactions have occurred between them during the in situ microwave hydrothermal
synthesis process.

Figure 6.2 X-ray diffraction patterns of (a) graphene, (b) GO, (c) bare Mn3O4, and
(d) as-prepared rGO(18.8%)-Mn3O4 nanocomposite
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Figure 6.3 Raman spectra of bare Mn3O4 nanoparticles, rGO(18.8%)-Mn3O4
nanocomposite, and GO

To investigate the morphology of the products, field-emission scanning electron
microscope (FESEM) images were collected for the bare Mn3O4 nanoparticles and
the rGO(18.8%)-Mn3O4 nanocomposite, as shown in Figure. 6.4. The morphology of
the bare Mn3O4 nanoparticles, prepared by the same procedure, but in the absence of
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GO, is spherical, but the nanoparticles are severely aggregated together, giving rise
to a bigger particle size in the range of 40-100 nm (Figure. 6.4(a)). In comparison,
we can observe that the size of the Mn3O4 nanoparticles is dramatically decreased to
around 20 nm when they are prepared in situ with graphene via the microwave
hydrothermal method, as shown in Figure. 6.4(b). This is because intimate
interaction between bare Mn3O4 particles and hierarchic flexible graphene sheets
drastically limits the growth and limits the agglomeration of the crystalline Mn3O4
particles to some extent, while the Mn3O4 particles are encapsulated in a matrix of
graphene sheets, leading to more effective ionic and electron transport during Li+
insertion/de-insertion due to the high conductivity of graphene.
The transmission electron microscope (TEM) images in Figure. 6.4(c) and (d)
reveal that the Mn3O4 nanoparticles were distributed on the surface of the graphene
nanosheets in the form of single particles or small particle clusters, and the nature of
the Mn3O4 particles shown in Figure. 6.4(c) was further confirmed by selected area
electron diffraction (SAED) patterns (inset of Figure. 6.4(c)). These visible
diffraction rings can be indexed to Hausmannite Mn3O4 phase, which is consistent
with the XRD patterns. The high-resolution TEM image (Figure. 6.4(d)) indicates
that there are multiple overlapping layers near the edge of the Mn3O4 particle,
whereas the d-spacing of the (002) graphene planes is 0.34 nm, almost equal to the
value of pristine graphene. The Mn3O4 particles were firmly encapsulated by the
graphene sheets, and the crystal lattice fringes with d-spacing of 0.44 nm can be
assigned to the [101] plane of tetragonal Mn3O4. Based on the TEM images, it could
be further confirmed that there is an intimate interaction between the Mn3O4 particles
and the graphene sheets, and such a combination can enable fast electron transport
through the graphene matrix to the Mn3O4 nanoparticles, guaranteeing efficient
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electrochemical performance.

Figure 6.4 FESEM images of (a) bare Mn3O4 nanoparticles, and (b) rGO(18.8%)Mn3O4 nanocomposite. TEM images of rGO(18.8%)-Mn3O4 nanocomposite: (c)
large-area image and associated SAED pattern (inset), (d) high-resolution TEM
image of Mn3O4 particle in [101] orientation embedded in graphene sheets and
associated selected-area magnified images (insets)

In order to highlight the superiority of the rGO(18.8%)-Mn3O4 nano-composite as
anode material in LIBs, the discharge/charge profiles of the rGO(18.8%)-Mn3O4
nanocomposite and the bare Mn3O4 nanoparticles at a current density of 40 mA/g are
displayed in Figure. 6.5(a) and (b), respectively. The cyclic voltammetry (CV) curves
of the rGO(18.8%)-Mn3O4 nanocomposite and the bare Mn3O4 nanoparticles at a
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scan rate of 0.1 mV/s in the potential range from 0.1 V to 3 V are shown in Figure.
6.6. The general features of the discharge/charge profiles are consistent with those of
other transition metal oxides such as Co, Fe, and Ni oxide as anode materials in
LIBs, but their mechanism of Li reactivity differs from the classical Li insertion/deinsertion or Li-alloying processes, which involves the formation and decomposition
of Li2O and accompanying reduction and oxidation of metal nanoparticles, as
reported by P. Poizot[33].
In Figure. 6.5(a), there is an obvious sloping part in the first discharge cycle from
1.5 V to 0.38 V, consistent with two broad cathodic peaks at around 0.62 V and 1.26
V, as shown in Figure. 6.6 (a), which can be ascribed to the decomposition of the
electrolyte solvent and the formation of the solid electrolyte interphase, as well as
initial reduction of Mn3O4. We also can observe that a well-defined voltage plateau is
present at around 0.38 V in the first discharge cycle in Figure. 6.5 (a), which can be
attributed to the further reduction of MnO to Mn and the formation of amorphous
Li2O (Mn3O4 + 8Li+ + 8e- = 3Mn + 4Li2O), while the capacity extends to
approximately 1354 mAh/g, slightly higher than the theoretical capacity of 937
mAh/g for the conversion reaction to Mn and Li2O[7, 33]. The higher capacity in the
first cycle should be ascribed to the following factors: the discharge capacity in the
first cycle is not only contributed by the conversion reaction of Mn3O4 to Mn
nanoparticles, along with the formation of amorphous Li2O, but also corresponds to
the formation of the solid electrolyte interphase (SEI), which is not included in the
theoretical capacity of Mn3O4. Therefore, the initial discharge capacity is higher than
the theoretical value. This is a normal phenomenon in metal oxide anode materials
for lithium storage.
At the same time, an apparent broad peak at around 1.34 V in the first cycle is
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recorded in the anodic process in Figure. 6.6 (a), corresponding to the reversible
oxidation of Mn(0) to MnO during the anodic process. An additional shoulder peak
is observed when the material is charged above 2 V; this may correspond to further
oxidation of MnO to Mn3O4, since it cannot be observed in the charge curve of
MnO[7]. The first charge capacity approaches 890 mAh/g in Figure. 6.5 (a), which is
very close to the theoretical capacity (937 mAh/g) of a fully reversible conversion
reaction. In the subsequent cycles, in Figure. 6.6 (a), the reduction peaks in the first
cycle have disappeared, and a new sharp peak near 0.31 V appears instead, reflecting
the sloping voltage range from 0.6 V to 0.1 V in the second cycle of

the

charge/discharge curve, in Figure. 6.5 (c), which is distinctly higher than that in the
first discharge. It indicates that the lithium insertion reaction in the second cycle
become easier. Figure. 6.5 (b) presents discharge/charge profiles of the bare Mn3O4
nanoparticles, which are similar to the curve shapes for the rGO(18.8%)-Mn3O4
nanocomposite, except for the relatively poor cycling performance.
The cycling performances of the rGO(18.8%)-Mn3O4 nanocomposite and the bare
Mn3O4 nanoparticles were measured at a current density of 40 mA/g in the voltage
range from 0.1 V to 3 V, and the results are shown in Figure. 6.7 (a). We can observe
that the second discharge specific capacity of the bare Mn3O4 (854.6 mAh/g) is very
close to that of the rGO-Mn3O4 nanocomposite (901.3 mAh/g), however, it declines
dramatically to only 496 mAh/g after 50 cycles, i.e., 58 % of the capacity in the
second cycle. In contrast, the rGO-Mn3O4 nanocomposite maintains a significantly
higher reversibility, and it is interesting to note that its reversible capacity even
gradually increases to 927 mAh/g at the 20th cycle, which is well-documented in the
literature and is attributed to the reversible growth of a polymeric gel-like film
resulting from kinetically activated electrolyte degradation[34-36]. The coulombic
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efficiency of the rGO(18.8%)-Mn3O4 composite after the second cycle remains
nearly 100% up to 50 cycles. We have also compared the rate performance of the
rGO(18.8%)-Mn3O4 nanocomposite with that of the bare Mn3O4 at different current
densities of 40, 100, 200, 500, 1000, and 2000 mA/g, respectively, in Figure. 6.7 (b).
At 1000 mA/g, the reversible capacity of rGO(18.8%)-Mn3O4 nanocomposite
reaches over 400 mAh/g, while the capacity of the bare Mn3O4 is less than 250
mAh/g. Remarkably, when the current density is again reduced back to 40 mA/g, the
stable capacity of the rGO(18.8%)-Mn3O4 nanocomposite can be almost resumed,
and the discharge specific capacity is even slightly higher than that before at 40
mA/g, indicating excellent cycling stability.
From the comparison between the rGO(18.8%)-Mn3O4 nanocomposite and the bare
Mn3O4, we can conclude that the excellent electro- chemical performance, including
high reversible capacity, improved cycle stability, and high rate performance, of the
rGO(18.8%)- Mn3O4 nanocomposite can be ascribed to the following factors First,
the high conductivity of the graphene sheets plays a significant role, as the rGO acts
as an ionic and electronic transport medium in the electrode during the
charge/discharge processes; secondly, the decreased particle size of Mn3O4 particles
in the composite material and the intimate interaction between the flexible rGO and
the Mn3O4 particles directly fabricated on the surface of the rGO not only effectively
confines the growth of the Mn3O4 particles, but also affords an elastic buffer to
alleviate the agglomeration and cracking of Mn3O4 particles that is associated with
the volume expansion during cycling, thus maintaining the structural integrity and
avoiding rapid loss of electrode capacity, which is beneficial for cycling stability,
and also enables Li ion transport from Mn3O4 particles to be more effective and
rapid. Hence, such a nanocomposite could deliver an enhanced electrochemical
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performance as an anode material in rechargeable LIBs.

Figure 6.5 Galvanostatic charge/discharge profiles for selected cycles of (a)
rGO(18.8%) -Mn3O4 nanocomposite, and (b) bare Mn3O4 nanoparticles at the current
density of 40 mA/g with the potential window from 0.1 V to 3 V
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Figure 6.6 CV curves for the first 4 cycles of (a) rGO(18.8%)-Mn3O4 nanocomposite
and (b) bare Mn3O4 nanoparticles with 0.1 mV s-1 scan rate in the potential window
from 3.0 V to 0.1V
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Figure 6.7 (a) Cycling performance of the rGO(18.8%)-Mn3O4 nano-composite and
bare Mn3O4 at a current density of 40 mA/g; (b) rate performance of rGO(18.8%)Mn3O4 nanocomposite and bare Mn3O4 particles at different current densities.
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The rGO-Mn3O4 nanocomposite also can be applied in supercapacitor. The specific
capacitance of the as prepared samples was estimated from the cyclic
voltammograms (CV) by integrating the area under the current-potential curve and
then dividing by the sweep rate ( ), the mass of the film (m), and the potential
window, according to Equation (6.1)[37]:

(6.1)
Figure. 6.8(a) and (b) compare the cyclic voltammogram profile of the bare Mn3O4
nanoparticle electrode with that of the rGO(31.6%)-Mn3O4 nanocomposite electrode
at different scan rates in 1 M Na2SO4 electrolyte. The anodic and cathodic potential
limits were set to 0.8 V and - 0.1 V vs. SCE, due to the irreversible reactions beyond
these two limits of the potential window in the hydrous electrolyte[38]. The CV
profiles of composites 1 and 3, and of pure rGO are shown in Figure. 6.9 (a-c).
Obviously, the rGO(31.6%)-Mn3O4 nanocomposite electrode presents the largest
integrated area compared to the bare Mn3O4 nanoparticle electrode, the pure rGO,
and the other two nanocomposite electrodes, as shown in Figure. 6.8 (c), and all of
these nanocomposite and bare Mn3O4 electrodes exhibit the typical characteristics of
pseudocapacitive behavior. The specific capacitance of the bare Mn3O4 nanoparticles
and the rGO(31.6%)-Mn3O4 nanocomposite was calculated to be 87 F/g and 153 F/g,
respectively, at 5 mV/s according to Equation (6.1), as shown in Table 6.1, indicating
that the capacitance of the nanocomposite has been significantly increased due to the
addition of GO. The enhancement in capacitance can be ascribed to the large specific
surface area of the graphene in the nanocomposite material, which favours charge
storage and ion transfer, and the BET specific surface area for the bare Mn3O4 and
rGO(31.6%)-Mn3O4 nanocomposite are 44 and 98 m2/g, respectively.
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An increase in the anodic and cathodic currents of the rGO(31.6%)-Mn3O4
nanocomposite with cycling is also clearly observed in the CV curves over the whole
potential range, with cycling at the scan rate of 10 mV/s, particularly before 200
cycles. The current response in the CV become stable after around 300 cycles
(Figure. 6.8 (d)). As shown in Figure. 6.8 (e), the specific capacitance of
rGO(31.6%)-Mn3O4 reaches a value of approximately 315 F/g at the 300th cycle,
much higher than that reported in previous work [39-41]. In particular, after 300
cycles, the specific capacitance slightly increases up to 1000 cycles. The shape of the
CV profiles, as shown in Figure. 6.8 (d), become more rectangular, and the cathodic
peak at around 0.5 V and the anodic peak at 0.4 V generally become stronger, while
the peaks shift toward higher potential with cycling, which could be attributed to
both the electrochemical activation of the rGO(31.6%)-Mn3O4 electrode and the
oxidization of the low valence state of Mn ions [42-44]. In comparison, a similar
trend towards increasing capacitance can be observed in the bare Mn3O4
nanoparticles,

as well as

the

rGO(18.8%)-Mn3O4

and

rGO(45%)-Mn3O4

nanocomposites, but the specific capacitance for pure rGO decreased gradually to 45
F/g after 1000 cycles in Figure. 6.8 (e). The specific capacitance of the bare Mn3O4
nanoparticles experienced a slight decay after 200 cycles after an increase from 66
F/g in the initial cycle to 251 F/g at the 200th cycle, while the specific capacitance
values for the nanocomposites (rGO(18.8%, 45%)-Mn3O4) could remain stable up to
1000 cycles, which further indicates that the graphene sheets in this composite play a
significant role in terms of ensuring high conductivity and cycling stability through
intimate interaction with the Mn3O4 nanoparticles.
Galvanostatic charge–discharge (CD) measurements performed on the three
electrodes in a potential window from -0.1 to 0.8 V provide a complementary
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measurement of the capacitance. Figure. 6.8 (f) shows the charge–discharge profiles
of the bare Mn3O4, pure rGO, and rGO(31.6%)-Mn3O4 nanocomposite electrodes at
the current density of 1 A/g. The rGO electrode presents linear charge and discharge
profiles, indicating purely capacitive behavior, however, for bare Mn3O4 and the
nanocomposite, the charge curve is almost symmetric with its corresponding
discharge counterpart, with a small internal resistance (IR) drop, indicating the
pseudocapacitive contribution, along with the double layer contribution. The specific
capacitance was calculated using Equation (6.2):

(6.2)
where i is the discharge current,

t, the discharge time, m, the mass of the active

material and E, the potential window. The specific capacitances calculated from the
charge–discharge profiles in Figure. 6.8 (f) were 35, 53, and 107 F/g for bare Mn3O4,
rGO, and rGO(31.6%)-Mn3O4 nanocomposite, respectively. Figure. 6.8 (g) shows the
variation in the specific capacitance with current density. A sharp decrease in
specific capacitance is observed at low current densities. The specific capacitance of
bare Mn3O4 was 70, 50, 35, 30, and 29 F/g at 0.2, 0.5, 1, 2, and 5 A/g, respectively,
and the specific capacitance for pure rGO was 75, 54, 53, 46, and 39 F/g at 0.2, 0.5, 1,
2, and 5 A/g. In contrast, the specific capacitance for the rGO(31.6%)-Mn3O4
nanocomposite was 181, 165, 107, 78, and 56 F/g at 0.2, 0.5, 1, 2, and 5 A/g. The
higher capacitance of the composite can be attributed to the improvement in
conductivity in the presence of GO. The results are in agreement with those
calculated using cyclic voltammetry, where a synergistic effect between the rGO and
Mn3O4 is observed.
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Electrochemical impedance spectroscopy was performed to compare the internal
resistance of the electrode material and resistance between the electrode and the
electrolyte for bare Mn3O4, pure rGO, and rGO(31.6%)-Mn3O4 nanocomposite
electrodes as shown in Figure. 6.10. Electrochemical impedance measurements were
performed from 10 kHz to 10 mHz at a potential of 0.2 V vs. SCE reference
electrode. Nyquist plots for the three electrodes were plotted. At high frequency, the
intercept between the impedance plot and the real impedance (Z ) axis gives the
magnitude of the solution resistance (Rs) of the cell. The solution resistance for the
three materials was very low at 3.87, 3.05, and 3.17

for the bare Mn3O4, pure rGO,

and rGO(31.6%)-Mn3O4 nanocomposite. The semicircle in the high frequency range
which corresponds to the charge transfer resistance (Rct) caused by the Faradic
reactions and the double layer capacitance (Cdl) on the grain surface, which is closely
related to the surface area and conductivity of the electrode. The bare Mn3O4
electrode exhibited an Rct of 9.5

, and a very small semicircle (0.7 ) was observed

for the rGO electrode due to its good conductivity. The combination of these two
materials resulted in a charge transfer resistance of 4.5

for the rGO(31.6%)-Mn3O4

electrode. At low frequencies, the impedance plot should theoretically be a vertical
line, which is parallel to the imaginary axis. The straight lines close to 90o indicate
pure capacitive behaviour and low diffusion resistance of ions in the structure of the
electrodes. The slope on the Nyquist plot, however, deviates from a perfect vertical
line due to pseudocapacitance effects from the oxygen groups on the GO and the
intrinsic properties of Mn3O4 as a supercapacitive electrode material.
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Figure 6.8 Cyclic voltammograms of electrodes made from (a) bare Mn3O4
nanoparticles at different scan rates, (b) rGO(31.6%)-Mn3O4 nanocomposite at
different scan rates, (c) bare Mn3O4 nanoparticles, pure rGO, and rGO(18.8%, 31.6%,
45%)-Mn3O4 nanocomposites at the scan rate of 20 mV/s, (d) rGO(31.6%)-Mn3O4
composite in typical selected cycles at the scan rate of 10 mV/s, and (e) cycling
stability of rGO(18.8%, 31.6%, 45%)-Mn3O4 nanocomposites, bare Mn3O4
nanoparticles, and pure rGO electrodes at the scan rate of 10 mV/s. (f) Galvanostatic
charge discharge curves of bare Mn3O4 nanoparticles and rGO(31.6%)-Mn3O4
nanocomposite at current density of 1 A/g, (g) Specific capacitance calculated from
galvanostatic charge discharge curves at different current densities of bare Mn3O4
nanoparticles and rGO(31.6%)-Mn3O4 nanocomposite. All cyclic voltammograms
and galvanostatic charge-discharge profiles were measured in 1 M Na2SO4
electrolyte in the voltage range from -0.1 V to 0.8 V.
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Table 6.1 Specific capacitance (F/g) of bare Mn3O4 nanoparticles and rGO(31.6%)Mn3O4 composite at different scan rates at the first cycle.
5 mV/s

10 mV/s

20 mV/s

50 mV/s

Bare Mn3O4

87

66

52

35

Composite

153

127

106

86

171

14

(a)

(b)

172

(c)
Figure 6.9 Cyclic voltammograms of (a) rGO(18.8%)-Mn3O4 nanocomposite
(composite 1), (b) rGO(45%)-Mn3O4 nanocomposite (composite 3), and (c) pure
rGO at different scan rates in the voltage range from -0.1 V - 0.8 V in 1 M Na2SO4
electrolyte.
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Figure 6.10 Nyquist plots of experimental impedance (EIS) data for bare Mn3O4,
pure rGO, and rGO(31.6%)-Mn3O4 nanocomposite electrodes. (Inset is the magnified
high frequency part for the three electrodes.)
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Figure 6.11 XPS spectra of the fresh electrode and the electrode after 1000 cycles
for rGO(31.6%)-Mn3O4 nanocomposite in (a) the Mn 2p and (b) the Mn 3s region.
Mixed Gaussian and Lorentzian component peaks are also exhibited in the spectra.
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Figure 6.12 TEM image of the rGO(31.6%)-Mn3O4 nanocomposite electrode after
1000 cycles. The red circle indicates an aggregation of MnOx particles. Inset is the
corresponding selected-area electron diffraction pattern.

In order to confirm the factors behind the enhanced pseudocapacitive properties
observed during cycling, X-ray photoelectron spectroscopy (XPS) was used to
determine the oxidation state of the fresh rGO(31.6%)-Mn3O4 nanocomposite and
that of the same electrode after 1000 cycles. In Figure. 6.11 (a), the binding energy
peaks of Mn 2p 3/2 for the fresh electrode and the electrode after cycling are located at
641.5 eV and 642.2 eV, which are indexed to Mn3O4 and MnO2, respectively, and
they are also in good agreement with the literature [45], revealing that in the
nanocomposite, Mn(II,III) ions may be oxidized to Mn(IV) after cycling.
Further evidence of the oxidation process can be seen from the multiplet splitting
of the Mn 3s peaks in the core level spectra in Figure. 6.11 (b), which were further
examined to assess the change in terms of the oxidation state of manganese between
the fresh rGO(31.6%)-Mn3O4 nanocomposite electrode and the cycled electrode on
the basis of the parallel spin coupling of the 3s electron with the 3d electron during
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the photoelectron ejection. The corresponding peak separation energy ( E) is defined
as the exchange interaction energy in Equation (6.3) [45, 46][40-42]:
E = (2S+1) K [3s,3d]

(6.3)

where S is the total spin of unpaired electrons in the 3s and 3d levels in the final
states and K[3s, 3d] is the exchange integral between the 3s and 3d energy levels.
The energy separation between the two peaks is intrinsically related to the mean
manganese oxidation state. Since a lower valence implies more electrons in the 3d
orbital, more interaction can occur through photoelectron ejection. Consequently, the
energy separation between the two components of the Mn 3s multiplet will increase
at the lower valence. The inverse trend will be observed when the manganese
valence increases. From Figure. 6.11 (b), we can observe that the splitting width of
the electrode after cycling is 4.73 eV, smaller than before cycling (5.5 eV), indicating
that the manganese oxidation state increased to Mn(IV), on the basis of an
approximately linear relationship between the Mn 3s splitting width and the Mn
oxidation state according to previous reports in the literature.
Based on XPS analysis and previous reports [42, 43], it can be concluded that the
as-prepared rGO(31.6%)-Mn3O4 was oxidized to Mn(IV) by electrochemical
oxidation during cyclic voltammetry within the potential range from -0.1 to 0.8 V
(vs. SCE) in 1 M Na2SO4 electrolyte. The electrochemically oxidized MnO2
electrode showed better pseudocapacitive performance due to the enhanced
electronic conductivity. Specifically, Mn3O4 has a spinel structure and is virtually an
insulator, while MnO2 is a semiconductor; therefore, the electrochemically oxidized
MnO2 exhibits higher electronic conductivity through the film matrix onto the
current collector, which can exactly explain the interesting phenomenon of
increasing capacitance with cycling described above.
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Although a similar capacitance increase phenomenon has been observed and
reported in quite a few papers on Mn3O4 as electrode material for supercapacitors[42,
47], in some other reported work[44], the capacitance increase was not observed
during cycling. The possible reason could be the partial detachment of Mn3O4 from
the graphene sheets during cycling; therefore, the capacitance increase of the
electrode due to the valence state change in the Mn ions and electrochemical
activation will be sacrificed by the relatively lower utilization of Mn3O4, and the
electrode will eventually show stable capacitance during cycling. It is well known
that the electronic configuration of the 3d orbital in Mn(III) of Mn3O4 is expressed as
t2g3–eg1, which indicates a typical Jahn-Teller ion having lower stabilization energy
in the non-distorted octahedral environment. Mn(III) tends to be disproportionated
into Mn(II) (t2g3–eg2) and Mn(IV) (t2g3), resulting in the release of Mn2+ ions into the
electrolyte and also the phase conversion into MnO2. It is very likely that Mn3O4
nanostructures detach from the graphene sheets when Mn2+ ions are dissolved into
the electrolyte, and therefore, part of the Mn3O4 loses contact with the graphene
sheets. In our work, Mn3O4 nanoparticles were still anchored on the graphene, even
after 1000 cycles, as shown in Figure. 6.12. It can be observed that the particle size
of MnOx after cycling becomes smaller than in its fresh counterparts in Figure. 6.4
(c), and the smaller particles aggregate together as circled in Figure. 6.12. In
addition, the MnOx particles become nearly amorphous due to repeated
reduction/oxidation reactions. Hence, it appears that the electrochemical performance
is significantly affected by the morphology and the distribution of the active
materials.
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(a)

(b)
(a)

(b)

Figure 6.13 (a) Top view of the optimized rGO-Mn3O4(001) and (b) side view of
three-dimensional charge density difference plot for the interface between a graphene
sheet and a Mn3O4(001) surface. Magenta, red, and green balls represent Mn, O, and
C atoms, respectively. Cyan and yellow isosurfaces represent charge depletion and
accumulation in the space, with an isovalue of 0.015 e/
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Figure 6.14 Nyquist plots for bare Mn3O4 and rGO- Mn3O4 composite electrodes at
the open circuit potential of fresh cells in the frequency range of 100 kHz to 10 mHz

To gain further understanding of the relationship between the graphene sheets and
the bare Mn3O4 nanoparticles, we conducted a series of calculations to study the
charge transfer from the graphene layer to Mn3O4. Figure. 6.13(a) exhibits a top view
of the fully relaxed rGO-Mn3O4(001) nanocomposite. The equilibrium distance
between the graphene layer and the top of the Mn3O4(001) surface is calculated to be
2.91

. The interface adhesion energy was obtained according to the following

equation,
Ead = Ecomb – Egraphene – EMn3O4(001)

(1)

where Ecomb, Egraphene, and EMn3O4(001) represent the total energy of the relaxed rGOMn3O4 nanocomposite, of the pure graphene sheet, and of the clean Mn3O4(001)
180

slab, respectively. The interface binding energy is as high as -4.45 eV for the whole
model interface, which indicates very high stability. To characterize the electron
coupling at the rGO-Mn3O4 interface, three-dimensional charge density difference
plots were calculated by subtracting the electronic charge of the hybrid rGO-Mn3O4
nanocomposite from those of the separate graphene layer and the Mn3O4(001)
surface as shown in Figure. 6.13 (b). Clearly, there is significant charge transfer from
the graphene layer to the Mn3O4(001) surface in the ground electronic state, which
considerably enhances the electronic conductivity of the whole nanocomposite. The
Nyquist plots also give further evidence that the charge transfer resistance has
decreased in the rGO-Mn3O4 nanocomposite, as shown in Figure. 6.14 Accordingly,
this can also further elucidate the intrinsic reason why the electrochemical
performance of rGO-Mn3O4 nanocomposite enormously surpasses that of the bare
Mn3O4 nanoparticle sample, which is virtually an insulator.
Computational

details:

Following

the

conventional

definition

of

the

zigzag/armchair nanoribbon, a (8 × 10) single graphene layer containing 80 carbon
atoms is used to match a (3 × 2) eight atomic layer thick stoichiometric Mn3O4 (001)
surface slab containing 72 Mn and 96 O atoms, with three bottom layers fixed at bulk
positions in a supercell (12.03 × 17.42 × 26 Å3). The whole system contains 248
atoms in all with around 1400 valence electrons. All the calculations are performed
by using the plane-wave basis Vienna Ab-initio Simulation Package (VASP) code
[48, 49] implementing the Perdew-Burke-Ernzerhof (PBE) exchange correlation
functional[50]. A damped van der Waals correction is also incorporated based on
Grimme’s scheme[51]to better describe the non-bonding interaction between
graphene and the Mn3O4(001) surface. For an all-electron description, the projector
augmented wave method is used to describe the electron-ion interaction[52, 53].The
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cut-off energy for plane waves is chosen to be 500 eV, and the vacuum space is at
least 18 Å, which is large enough to avoid interaction between periodical images. A
Monkhorst-Pack mesh of K-points (2 × 1 × 1) and (4 × 2 × 1) is used respectively to
sample the two-dimensional Brillouin zone for geometry optimization and for
calculating the charge density. The convergence of the tolerance force on each atom
during structure relaxation was set to 0.005 eV/Å, and spin-polarization is included
through all the calculations.
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6.4

Conclusion

We successfully synthesized a Mn3O4-embedded graphene sheet nanocomposite
that was directly prepared from GO via a facile, effective, energy-saving, and
scalable microwave hydrothermal technique. The Mn3O4 particles in the
nanocomposite, directly growing on the surface of the graphene sheets, interact with
each other intimately, so that the nanocomposite exhibits better electrochemical
properties than the bare sample. For lithium ion batterya high reversible specific
capacity of more than 900 mAh/g at 40 mA/g can be obtained. even at a high current
density of 1000 mA/g, the sample still can achieve an acceptable capacity of 400
mAh/g.For supercapacitor, the capacitance was raised from 87 F/g for the bare
Mn3O4 to 153 F/g for the rGO(31.6%)-Mn3O4 nanocomposite in the presence of
graphene oxide at the scan rate of 5 mV/s. Moreover, the capacitance for the
rGO(31.6%)-Mn3O4 composite electrode reached 315 F/g at 300 cycles and remained
stable up to 1000 cycles at the scan rate of 10 mV/s. The theoretical calculations
further give evidence that there is charge transfer between the graphene and the
Mn3O4 nanoparticles. The rGO -Mn3O4 nanocomposite fabricated by such an energysaving microwave hydrothermal technique could be considered as a candidate anode
material in future larger scale.
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7 THE EFFECTS OF FLUOROETHYLENE CARBONATE ELECTROLYTE
ADDITIVE ON THE LITHIUM STORAGE PROPERTIES OF NICKEL
OXIDE NANOCUBOIDS

7.1

Introduction

Lithium-ion batteries (LIBs) have attracted considerable research interest since their
introduction in the early 1990s. [1] This is mainly due to the higher energy density
compared to other competing battery systems such as nickel-metal hydrides and
nickel-cadmium batteries. Recently, mobile devices and electric vehicles have
become the largest applications for LIBs. Although the demand for higher power and
higher energy density storage systems has been constantly increasing, advances in
LIBs have been relatively slow. This is because most LIBs on the market today still
use the traditional electrode materials, which are graphite and LiCoO2. Research on
the different aspects of battery systems, such as management systems and modelling
of battery usage, have been carried out to improve the performance. [2-7] However,
new electrode materials replacing the current commercial materials are needed to
improve both the power and the energy density of LIBs. Transition metal oxides are
attractive alternatives to graphite as anode materials for LIBs due to their ability to
react up to 8 mol Li-ions per formula unit. The 3d transition metal oxides have been
extensively studied since the discovery of highly reversible lithium storage in
transition metal oxide nanoparticles by Poizot et al. in 2000. [8] Among them, nickel
oxide (NiO) is one of the most promising candidates, due to its higher theoretical
gravimetric and volumetric capacities (720 mAh g-1; 4800 mAh cm-3) compared to
graphite (372 mAh g-1; 820 mAh cm-3). In addition, nanostructured morphologies of
transition metal oxides could affect the electrochemical lithium storage properties.
Nickel oxides with different morphologies such as nanoparticles, [9] nanofibers, [10]
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nanotubes, [11] nanowalls, [12] nanoshafts, [13, 14] nanocones, [15] nanoflakes,
[16-18] nanostructure hierarchical spheres, [19] and mesoporous structures [20] have
been previously studied. In addition, nickel oxide composites with different carbon
structures such as carbon coatings, [21, 22] carbon nanotubes, [10, 23] conducting
polymers, [24, 25] and graphene [26-28] have also been reported. There have not
been any studies on cubic-shaped NiO nanostructures and their lithium storage
properties, although NiO has a cubic rock salt structure. Furthermore, electrolyte
additives have been studied for LIBs in order to improve the cycle life and safety of
the cells. Organic additives such as vinylene carbonate (VC) [29-32] and
fluoroethylene carbonate (FEC) [33-35] are the two most studied additives in regards
to graphite and silicon anode materials. Both these electrolyte additives are known to
form solid electrolyte interphase (SEI) layers of different compositions when added
to conventional carbonate based electrolytes. Several reports in literature have shown
that electrolytes containing FEC improve the cycling stability of silicon-based anode
materials. Surprisingly, there has been little study on the effects of FEC additive on
transition metal oxide performances.
In this work, we used an optical floating zone furnace to synthesize cubic-shaped
NiO nanocrystals. This novel synthesis method has been reported in our recent
publication. [36] This technique has been used for the crystal growth of a wide range
of materials including both congruently and incongruently melting materials,
however, the growth of nanomaterials using such approach have been rarely reported.
The main advantage of this method is that no crucible is necessary, thus avoiding
contaminants from the crucible. Furthermore, the temperature can be adjusted from
room temperature to 2000°C with a controlled heating area of down to 3 millimetres
on the target. This would give rise to a sharp temperature gradient (about 300°C cm189

1

), which is beneficial in nanocrystal synthesis. This growth process is governed by

the vapor-solid reaction mechanism. Due to the unique features and simplicity, we
envisage that this method could be extended to synthesize other metal oxide
nanocrystals. The as-prepared NiO were tested for their lithium storage properties.
The possible reasons for the excellent electrochemical properties in relation to the
FEC additive are discussed in this work.
7.2

Experimental Methods

The nickel oxide nanocuboids were synthesized using an infrared radiation furnace
equipped with four 300 W tungsten halogen lamps (JIH 100V-300WC-CS) as
previously reported by our group. [36] A schematic diagram of the furnace set-up
and the reaction mechanism is presented in Figure. 7.1. In a typical experiment, NiO
powder (99.8%) was pressed to form a rod shaped target 6 mm in diameter and 30
mm in length. The NiO target was further sintered at 1150°C overnight in air. Then,
the NiO target was loaded onto the rotating sample holder and the system was sealed
and evacuated to remove air. The target was then adjusted vertically so that the tip
was in line with the central heating zone. Oxygen gas (99%) was introduced into the
furnace so as to flow vertically upwards at 100 mL minute-1. Next, the light beams
from the lamps were focused on the tip of the target to start the evaporation process.
The temperature was then increased to 1600°C within 6 min, and the target was
rotated at a speed of 20 rpm. The system was left to run for 48 hours, and the greygreen product was collected from the walls of the quartz tube. The synthesis was
repeated three times and in each batch, about 0.5 g of sample was collected.
The as-synthesized samples were characterized using X-ray diffraction (GBC
MMA), field emission scanning electron microscopy (JOEL JSM7500), and
transmission electron microscopy (JOEL 2010). For the electrochemical tests, the
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nickel oxide nanocuboids were mixed with conductive carbon (Super-P), polyacrylic
acid (Sigma Aldrich) and carboxy methyl cellulose (Sigma Aldrich) in a ratio of
70:15:7.5:7.5. Water was added to the mixture to form uniform slurry, which was
then coated on copper foil using a doctor blade. The electrode was then dried at
150°C under vacuum for 2 hours. Round disks 9.5 mm in diameter were punched
from the dried electrode, and the loading of active material (NiO) in each electrode
was 0.9 ± 0.1 mg cm-2. 2032-type coin cells were assembled in an argon-filled glove
box using the punched disk electrodes, lithium metal as the counter electrode, and a
polypropylene separator (Cellgard). The electrolytes used were 1 M LiPF6 in
ethylene carbonate/dimethyl carbonate/diethyl carbonate (EC/DMC/DEC; 3/4/3 v/v;
Novolyte) and 1 M LiPF6 in EC/DMC/DEC (3/4/3 v/v; Novolyte) with 5 wt%
fluoroethylene carbonate (FEC) additive. As the cells were tested as half-cells, the
term “discharge” is related to the lithium insertion into the NiO, and the term
“charge” is related to lithium extraction from the NiO. The cells were tested on a
Land Battery Cycler for galvanostatic charge/discharge performance, and cyclic
voltammetry tests were performed on a Bio-Logic VMP3 electrochemical
workstation. For each electrochemical characterization, the tests were repeated at
least 4 times.
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Figure 7.1 Schematic diagram of the floating zone furnace with a tungsten based
halogen lamp as the infrared radiation source. Carrier gas flows vertically upwards
through the furnace at a controlled flow rate.
7.3

Results and Discussions
The as-prepared NiO cuboid nanocrystals were firstly characterized using X-ray

diffraction (XRD), and a typical pattern is presented in Figure. 7.2(a). There are five
distinct peaks which can be indexed to cubic NiO (ICDD #47-1049). In addition,
there are no other peaks present in the XRD pattern, indicating that there is no
impurity phase detectable in the sample. Then, the morphology of the as-prepared
nanocuboids was investigated using scanning electron microscopy (SEM), and the
micrographs are presented in Figure. 7.2(b) and (c). It should be noted that a thin
layer of platinum (~3 nm) was coated on the surface of the nanocuboids for SEM
imaging. From the SEM images, the NiO nanocrystals have a cuboid shape with
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sharp edges and flat surfaces. The sizes of the nanocrystals were determined to be in
the range of 10 to 80 nm. Transmission electron microscopy (TEM) was performed
to further study the morphology of the samples. In Figure. 7.2(d), nanocuboids can
be observed with sizes of about 20 nm that are resting on the carbon replica. Upon
closer inspection, the nanocuboids have clean edges and appear to be single
crystalline (Figure. 7. 2(e)). The fast Fourier transformed (FFT) diffraction pattern of
the corresponding image is shown in the inset, indicating the single crystallinity. The
bright dots can be indexed to the (200) plane of cubic NiO. Under high resolution
TEM mode, the lattice spacing of the NiO nanocuboids can be observed, as shown in
Figure. 7.2(f), which is the magnified area indicated by the white arrow in Figure.
7.2(e). The d-spacing was measured to be 0.208 nm, corresponding to the (200) plane
of NiO, which is in agreement with the FFT diffraction pattern.
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Figure 7.2 (a) X-ray diffraction pattern of the as prepared NiO nanocuboids. All the
diffraction peaks can be indexed to the cubic NiO phase (b,c) Scanning electron
micrographs of the NiO nanocuboids. The size of the nanocuboids ranges from 5 to
80 nm. (d,e) Transmission electron micrographs of the as-preapred NiO showing the
single crystalline nature of each cuboid; the inset shows the corresponding fast
Fourier transform diffraction pattern of the corresponding nanocrystal (f) High
resolution TEM image of the area marked by the white arrow in (e), showing the
lattice spacing of the 200 planes.

The as prepared NiO nanocuboids were then tested for their lithium storage
properties in coin-type half cells with lithium as the counter electrode. Electrolytes
with and without additives were used in this study to investigate the optimal lithium
storage performance. In order to understand the electrochemical reactions of the NiO
nanocubes, cyclic voltammetry was performed on the assembled coin cells at a scan
rate of 0.1 mV s-1. The cyclic voltammetry (CV) curves for the cells both with and
without electrolyte additive are presented in Figure. 7.3. In should be noted that the
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CV profiles both with and without FEC appear similar, which signifies that the
lithium reaction mechanism is not altered by the electrolyte additive. During the first
reduction scan, a sharp peak can be observed at 0.3 V, which corresponds to the
electrochemical reduction of the NiO to Ni and Li2O. In the first oxidation scan, the
small hump centered at 1.5 V and the peak at 2.25 V can be related to the reoxidation of Ni to NiO. At the second reduction scan, the peak indicating lithium
reaction with NiO has shifted to 1.1 V. In the corresponding oxidation scan, the
peaks at 1.5 V and 2.25 V appear to have increased in current density. This is
consistent with the galvanostatic cycling results, which showed increased capacity
with cycling. In the 6th CV cycle, both the redox peaks show increased specific
current density, which further confirms the capacity increase effect.
For the cycling stability tests, all the cells were charge/discharged at 0.05 C (1 C
= 1 A g-1) for the initial 2 cycles, then at 0.1 C, 1 C, or 4 C (Figure. 7.3(c) and (d)).
The initial coulombic efficiency recorded for all the cells was 66%, regardless of the
electrolyte additive, which is normal for transition metal oxide anode materials. The
loss in capacity is due to the decomposition of electrolyte to form the solid
electrolyte interphase (SEI) layer. When, the cells were tested without FEC at 0.1 C
(Figure. 7.3(c)), the discharge capacity recorded was 1040 mAh g-1 at the 3 rd cycle,
and the capacity increased to 1170 mAh g-1 at the 26th cycle. Then, the capacity
remained relatively stable up to the 35th cycle, where the capacity was 1055 mAh g-1.
In the subsequent cycles, however, a sharp drop in capacity was observed, and the
capacity recorded at the 50 th cycle was 495 mAh g-1. The capacity loss can be
attributed to the degradation of the NiO. It is well known that NiO undergoes a
conversion reaction which features large volume changes during cycling. In addition,
these volume changes would cause cracks, which form new SEI layers that will
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lower the conductivity of the electrode, and cause isolation of metallic Ni and Li2O,
as well as pulverization of the electrode. Furthermore, evidence of degradation of the
electrode and formation of new SEI layer can be seen from the Coulombic efficiency
of the cell, as presented in Figure. 7. 3(e). After 35 cycles, where the sharp drop in
capacity occurs, the Coulombic efficiency drop from 98% to 92%, then the
Coulombic efficiency became unstable. When cycled at 1 C, the capacity recorded at
the 3 rd cycle was 922 mAh g-1, and the capacity gradually faded to 596 mAh g-1 over
50 cycles. At 4 C, the capacity recorded at the 3rd cycle was 662 mAh g-1, and the
capacity faded to 111 mAh g-1 at the 50th cycle. From these cycling results, it should
be noted that the capacities recorded initially at rates of 0.1 C and 1 C are higher than
the theoretical value of 720 mAh g-1, for 2 Li+ reaction per NiO. The extra capacity
can be mainly attributed to the formation of a reversible polymer/gel layer on the
surface of the active materials and the interfacial storage of lithium within the
Ni/Li2O matrix. Laruelle et al. reported on the formation of a conducting polymer/gel
film from the decomposition of the electrolyte, which gives rise to pseudocapacitive
behavior that increases the lithium storage. [37] In addition, Balaya et al. proposed
that Li-ions were stored interfacially on the surfaces of the metallic nanoparticles
through the charge separation mechanism at low potentials. [38]
On the other hand, when the NiO nanocuboid electrodes were tested using the
electrolyte with 5 wt% FEC additive, the lithium storage performance was greatly
enhanced (Figure. 7.3(d)). At 0.1 C, the initial capacity at the 3rd cycle was 1052
mAh g-1. The electrode showed a similar trend towards capacity increase with
cycling, recording 1400 mAh g-1 after 50 cycles. It should be noted that the recorded
capacity is almost twice the theoretical capacity of NiO (720 mAh g-1). Moreover,
the Coulombic efficiency remained stable at 98% from the 2nd cycle to the 50th cycle
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(Figure. 7.3(e)). When cycled at the 1 C-rate, the capacity recorded at the 3rd cycle
was 904 mAh g-1, and very little capacity fading was observed, with a capacity of
864 mAh g-1 remained after 50 cycles. At 4 C, the capacity recorded at the 3 rd cycle
was 710 mAh g-1 and at the 50th cycle, 557 mAh g-1 was retained. These results, to
the best of our knowledge, are the best ever reported for NiO based anode material.
Although the capacity at 0.1 C is almost twice the theoretical capacity, it is still lower
than the first discharge capacity (1600 mAh g-1). Therefore, the high capacity can be
attributed to the reversible formation of SEI layer, and the interfacial lithium storage
as discussed earlier. Figure. 7.4(a) and (b) shows the voltage profile and the dQ/dV,
respectively, at the 2nd, 25th and 50th cycle. Increment of the discharge capacities at
the lower voltage regions can be seen with increased cycling. The discharge
capacities recorded below 0.8 V are usually associated with SEI formation and
interfacial lithium storage. Furthermore, the increase in surface area caused by the
electrochemical milling effect also contributes toward the increase of reversible SEI
formation and interfacial lithium storage. In order to further investigate the capacity
increase phenomenon, ex-situ TEM analysis of the electrode materials were
performed after the 1st and the 50th cycles at the fully charged state. The morphology
of the NiO nanocuboids after the 1st cycle is presented in Figure. 7.4(c). It should be
noted that the general shape of the nanocuboids remained, however, upon closer
inspection (insets of Figure. 7.4(c)), the single crystalline structure was destroyed.
Small crystallites can be observed from the high resolution TEM image. This agrees
well with the conversion reaction mechanism where NiO forms Ni and Li2O during
lithiation and, then forms NiO again after delithiation. The conversion reaction
mechanism is also known to have an electrochemical milling effect, where bulk
crystals can be reduced to nanosized crystallites after repeated cycling. [39] This
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effect can be clearly observed in the sample after 50 cycles, as shown in Figure.
7.4(d). The NiO nanocuboids had disintegrated and formed nanosized particles
among the carbon black and binder. The inset of Figure. 7.4(d) shows the
corresponding electron diffraction pattern where all the rings can be indexed to NiO
and metallic Ni. Moreover, the reduction of the crystallite size of the active materials
can also be interpreted as an activation process where more active surface area for
the lithium reaction is generated. Thus, the capacities were observed to increase with
cycling. Similar phenomena have also been reported for other transition metal oxides.
[40-43]
The NiO nanocuboids were further tested for rate performance and the results
are shown in Figure. 7.5(a) and (b). The cells were tested for 6 cycles at each
charge/discharge rate: 0.1 C, 1 C, 2 C, 4 C, 6 C, 8 C, 10 C, 12 C, 14 C, and 16 C. The
voltage profiles plotted in Figure. 7.5(a) and (b) are those of the 6th cycle at every
rate. When the electrolyte without FEC additive was used, the capacity recorded at
0.1 C, 1 C, 2 C, 4 C, and 6 C was 1056 mAh g-1, 714 mAh g-1, 570 mAh g-1, 421
mAh g-1, and 258 mAh g-1, respectively. As the rate was increased further from 8 C
to 16 C, the capacity decreased from 172 mAh g-1 to 80 mAh g-1.

The rate

performance of NiO nanocuboids improved when FEC additive was used. The
capacity recorded at 0.1 C, 1 C, 2 C, 4 C, and 6 C was 1060 mAh g-1, 933 mAh g-1,
884 mAh g-1, 798 mAh g-1, and 713 mAh g-1, respectively. When the rate was
increased to 8 C, 10 C, 12 C, 14 C, and 16 C, the capacity recorded was 600 mAh g-1,
444 mAh g-1, 312 mAh g-1, 230 mAh g-1, and 190 mAh g-1, respectively. The
capacity recorded at the 12 C rate was still 312 mAh g-1, which is comparable to the
theoretical capacity of graphite. From the voltage profiles of the rate tests, it can be
observed that the polarization increases more rapidly with the charge/discharge rate
198

for the cells without electrolyte additive. We attribute the improvement in rate
performance by a simple addition of FEC to the electrolyte to the differences in SEI
layer formation. Nakai and co-workers studied the SEI formed by different
electrolytes on silicon based electrodes. [34] They found that ethylene carbonate
electrolytes form SEI layers which are mainly made of lithium oxides and lithium
alkoxides, and the thickness increases with cycling. In contrast, electrolytes
containing FEC form very thin SEI layers consisting of lithium fluoride and
polyethylene compounds. In order to justify this hypothesis, we used electrochemical
impedance spectroscopy (EIS) to probe the resistivity of the cells after cycling.
Figure. 7.5(c) and (d) show the impedance spectra of the cells with and without FEC
additive, respectively, after 6 CV cycles. The resistance values were obtained by
simulation of the spectrum using the equivalent circuit shown in Figure. 7.5(e). The
SEI film resistance (RSEI) and charge transfer resistance (Rct) of the cells without
FEC additive (RSEI = 19.8
(RSEI = 6.8

; Rct = 45.1

; Rct = 88.2

) were twice as high as the cells with FEC

). Therefore, these results indicate that FEC additive

forms a SEI layer on the surface of NiO that has lower electric and charge transfer
resistance, which improves the electrochemical performance, similar to the effects on
Si based electrode. This finding is crucial as a strategy to improve the lithium storage
performances of other transition metal oxide anode materials. Further study,
however, is required to understand the electrolyte decomposition mechanism and the
SEI film formed by FEC additive on the surface of NiO.
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Figure 7.3 Cyclic voltammograms for selected cycles of the NiO nanocuboid
electrodes without (a) and with (b) 5 wt% FEC. Cycling performance of the NiO
nanocuboid electrodes at 0.1C, 1C and 4C without (c) and with (d) 5 wt%
fluoroethylene carbonate additive. (e) Coulombic efficiency of the cells
charge/discharged at 0.1 C.
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Figure 7.4 (a) Voltage profile and (b) differential plots of NiO nanocuboids cycled at
0.1 C with 5 wt% FEC additive at the 2nd, 25th and 50th cycle. Transmission
electron micrographs of the NiO nanocuboids (c) after 1 cycle. The insets are higher
magnification images of the areas marked by the black arrows. The general shape of
the nanocuboids was retained however, the single crystallinity was destroyed by the
electrochemical lithium reaction. (d) After 50 cycles, the cuboid shape of the NiO
has been destroyed. Higher magnification images could not be obtained due to the
reactivity with the focused electron beam. The diffraction pattern in the inset can be
indexed to the NiO and Ni phases.
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7.4

Conclusion

In summary, we have synthesized single crystalline NiO nanocuboids through a
vapor-solid process using an optical floating zone furnace. The nanocuboids have
smooth surfaces, sharp edges, high crystallinity, and are between 5 and 80 nm in size.
We found that the single crystallinity of the nanocuboids was destroyed after going
through a few charge/discharge cycles, which is due to the nature of the conversion
reaction. Furthermore, the higher specific capacity compared to the theoretical
capacity is due to the nanosized nature of the NiO and the ability of transition metal
oxides to store lithium through interfacial charge separation and the formation of a
reversible polymer/gel layer. However, further study is required to fully understand
the reasons behind the extra capacity.

Last but not least, we have shown that

addition of a small amount of FEC to the electrolyte would help in improving the
cycling stability, and most importantly, increasing the rate performance of the NiO
nanocuboids. Both the synthesis method and the FEC additive into the electrolyte
could be applied to other transition metal oxides.
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8 SNSB@CARBON NANOTUBE ANCHORED ON GRAPHENE SHEETS
FOR THE SODIUM ION BATTERY

8.1

Introduction

Current demands for green energy technologies have intensified the pursuit of high
performance and cost-effective energy storage systems. Whereas lithium ion
batteries (LIBs) offer the highest energy density among present battery systems[1],
considering their limited resources, and the high cost and safety issue of lithium ion
batteries [2-4], sodium ion batteries have strongly broken into the energy storage
field and attracted growing attention in recent years due to the abundance of their
raw materials, and their non-toxicity and low price [5-7]. Also, sodium has a more
negative redox potential (-2.71 V. vs. standard hydrogen electrode (SHE)) than that
of lithium, 0.3 V higher, which makes it more advantageous in energy storage. The
sodium ion is about 55 % larger in radius than the Li ion, however, which renders it
difficult to find a suitable host material to accommodate sodium ions and allow
reversible and rapid ion insertion and extraction [8]. For cathode materials, sodium
intercalation chemistry is very similar to that of lithium, thus making it possible to
use similar compounds for both kinds of systems, so a wide variety of compounds
with good performance have been proposed for the sodium ion battery (SIB)[4, 6].
Compared to the fast development of cathode materials, progress on anode materials
for SIBs is relatively slow and mainly limited to non-graphitic carbonaceous
materials. Due to the large ionic radius of Na, graphite features only poor
intercalation in SIBs. Hard carbon, owing to its natural nanopores on the surface, has
been reported to deliver capacity of up to 300 mAh/g in the initial cycle[9, 10].
Graphene, with its large surface area, superior conductivity, and excellent
mechanical strength can contribute reversible capacity in SIBs [11]. Sn, Sb, Ge, and
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Pb, owing to their high capacity and stepwise intercalation mechanism, have
undergone intensive investigation in LIBs [12-18].Compared to pure Sn and pure Sb,
SnSb alloy, which can be considered as one of the most promising anode materials in
LIBs, has definite advantages, which should be attributed to: i) higher capacity than
pure Sb, ii) lower potential plateau than pure Sb, and iii) more stable cycling
performance than pure Sn as a result of the formation of self-networks which can
maintain the structural integrity and conductivity of the whole electrode. It is not
surprising then that SnSb alloy also has aroused more interest for SIBs, however,
rapid capacity decay on account of the volume expansion during alloying-dealloying
is still a challenge so far. As in lithium ion batteries, the main strategy employed in
maintaining the cycling stability of alloy anodes is to form composite materials with
different kinds of carbon, including graphene, amorphous carbon, carbon nanotubes
(CNTs), etc. The obtained anode still exhibits noticeable capacity fading and
relatively poor rate performance, however. Therefore, it is important to develop
effective methods to stabilize the cycling capability and improve the rate capability
of alloy-based material for SIBs.
In this work, we synthesized SnSb-core/carbon-shell nanotubes directly anchored
on graphene sheets (GS) by the hydrothermal technique followed by chemical vapor
deposition (CVD) under the flowing C2H2/Ar gas. The simultaneous carbon coating
and the encapsulation of SnSb alloy are an effective way to alleviate the volumechange problem, both in lithium ion batteries and sodium ion batteries. Specifically,
the carbon nanotubes formed under the catalyzing action of Sn during the CVD
process play a significant role in the entire structure: they not only form a good
buffer layer to encapsulate the inner SnSb nanostructure, which alleviates the volume
change during alloying, but also are a conductive component, which enhances the
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conductivity of the whole active material. Meanwhile, graphene sheet is also a good
matrix where the SnSb nanoparticles can be distributed quite uniformly, and the
graphene confines the growth of SnSb particles during the hydrothermal process,
which improves the electrochemical performance compared to the samples without
the addition of graphene in the starting materials. The sizes of the outer carbon shell
and the inner metal rod can be varied at different annealing temperatures and ratios
of flowing gas. The optimal morphology not only exhibits a uniform diameter, but
also shows good electrochemical performance in sodium ion batteries. A series of
electrolytes with or without fluoroethylene carbonate (FEC) addition are discussed in
the work in order to optimize the electrochemical performance of alloy-based anode
in SIBs.
8.2

Experimental section

Material synthesis: GO was synthesized from natural graphite by a improved method
as described in Reference [19]. Reduced GO (RGO)-SnSbO composites were
x

prepared by the hydrothermal method. In a typical experiment, the as-synthesized GO
(60 mg) was first suspended in 60 mL ethanol, and then ultrasonicated for 1 h,
forming a brown dispersion. Subsequently, 0.7 g SnCl ·5H O and 0.406 g SbCl3 in 10
4

2

mL ethanol were added to the above dispersion. After magnetic stirring for 1 h, the
solution was transferred to an autoclave and placed in an oven at 160 °C for 10 h.
When it cooled down to room temperature, the black products were rinsed with
deionised-water and ethanol three times, respectively, and then dried in a ventilated
place at room temperature. The resultant black solid product was placed in a
horizontal quartz tube furnace and heated to 650 °C at 5 °C/min in Ar (99.999%)
atmosphere with a flow rate of 400 sccm. Subsequently, C H and Ar gas (volume
2

2

ratio 20 sccm/400 sccm) were introduced in turn, and the flow was maintained for 2
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h. Finally, the system was cooled down to room temperature under Ar atmosphere.
To optimize the morphology of the SnSb@carbon nanotube anchored on graphene,
the samples were annealed at different temperatures that varied from 550 °C to
700 °C, as well as with different flow ratios of C H to Ar. For comparison,
2

2

SnSb@carbon nanotube without the addition of graphene was prepared under the
same conditiond.
Material Characterizations: The structure and morphology of the as-prepared
samples were characterized by X-ray diffraction (XRD; MMA GBC, Cu K
radiation), field emission scanning electron microscopy (FESEM; JEOL-7500, 2
keV), and transmission electron microscopy (TEM; JEOL-2010, 200 keV).
Thermogravimetric analysis was conducted on a TA 2000 Thermo-analyzer. The
electrochemical tests were carried out via CR2032 coin type cells. The working
electrodes were prepared by mixing the as-prepared samples, carbon black, sodium
carboxymethyl cellulose, and polyacrylic acid at a weight ratio of 80:10:5:5 in a
planetary mixer (KK-250S). The resultant slurry was pasted on Cu foil and dried in a
vacuum oven at 150 °C for 2 h. Coin cells were assembled in an argon-filled glove
box (Mbraun, Unilab, Germany) by stacking a porous glass fiber containing liquid
electrolyte between the composite electrode and a sodium foil counter electrode.
Four electrolytes, 1 M NaClO4 in propylene carbonate (PC) with and without 5 wt%
fluoroethylene carbonate (FEC) additive, 1 M NaPF6 in propylene carbonate (PC),
and 1M NaClO4 in propylene carbonate (PC) and fluoroethylene carbonate (FEC) in
the volume ratio of 1:1 were used in the cells for comparison. Cyclic voltammograms
were collected on a VMP-3 electrochemical workstation at a scan rate of 0.1 mV/s
from 0.005 to 1.5 V. The discharge and charge measurements were conducted on a
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Land CT2001A battery tester in the voltage window from 0.005 V to 1.5 V (vs.
Na/Na+).
8.3
8.3.1

Results and discussion
Formation of SnSb/CNT@GS

The synthesis of SnSb/carbon nanotubes anchored on graphene sheets consists of
two consecutive steps, and it is illustrated in Figure. 8.1. Typically, Sn and Sb oxide
nanoparticles are anchored on the graphene sheets uniformly by the hydrothermal
method, and simultaneously, graphene oxide is reduced to graphene in the ethanol
solution at high temperature. Subsequently, the obtained SnSb oxide@graphene
composite (denoted as Sn-Sb-O@GS precursor) was annealed under flowing
C2H2/Ar (20 sccm/400 sccm) at 650 oC for 2 hours. During the heat treatment, the Sn
and Sb oxide nanoparticles were firstly reduced to low-melting-point metal (SnSb)
by acetylene, and then the molten metal phase catalyzed the growth of carbon
nanotubes by the decomposition of acetylene. The carbon nanotubes grew upward as
they were formed on the surfaces of the molten SnSb liquid droplets.
Simultaneously, under capillary forces, the liquid metal droplets were infiltrated into
the carbon nanotube cavities, and the morphology of the alloy inside was shaped by
the hard template of CNTs during the cooling process [20]. This in situ growth of
carbon nanotubes under the catalyzing action of melted Sn particles ensures a highly
efficient encapsulation of SnSb alloy and prevents the coalescence of molten SnSb
into large spherical droplets, hence enhancing the electrochemical performance in
sodium ion batteries.
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Figure 8.1 Illustration of the formation of SnSb/CNT@GS nanostructures: Firstly,
the exfoliation of graphite takes place; secondly, the Sn-Sb-O nanoparticles are
anchored on graphene via the hydrothermal method; and lastly, the formation of
SnSb-core/CNT-shell on graphene occurs by CVD.

Powder X-ray diffraction (XRD) analysis, as shown in Figure. 8.2(a), was firstly
carried out to determine the composition and structure of graphene oxide (GO), SnSb-O@GS, and SnSb/CNT@GS. The disappearance of the characteristic peak of GO
at 11oC indicated that GO was fully reduced to graphene during the hydrothermal
treatment. There are no obvious diffraction peaks observed for the precursor,
demonstrating the amorphous structure and small crystal size of Sn-Sb-O anchored
on graphene sheets, which is consistent with the scanning electron microscope
(SEM) results (Figure. 8.2(b)). After the heat treatment in the flowing C2 H2/Ar gas, it
can be easily noted that all the characteristic peaks can be well indexed to SnSb alloy
with PDF# 33-0118, and no other impure crystalline phases, such as Sn, Sb, SnO2, or
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SbOx can be observed in the pattern, implying that the Sn-Sb-O precursor was
completely reduced to SnSb by acetylene at 650 oC. In addition, the high intensity of
the pattern compared to the precursor implies the high crystallinity of SnSb after heat
treatment.
Raman spectra were also conducted to further reveal the presence and the structure
of the graphene and carbon nanotubes, as shown in Figure. 8.2(b). The intensity ratio
of the D to the G band (ID/IG) provides a sensitive measure of the disorder and
crystallite size of the graphitic layers. The intensity ratio for GO, the precursor, and
SnSb/CNT@GS was 1.08, 1.046, and 1.098, respectively, suggesting that even after
reduction during the hydrothermal process, the graphene structure was still
disordered, possibly due to the insertion of some SnSb nanoparticles into the layer of
graphene, and after the decomposition of C2H2, the ratio of ID/IG for the final product
became even larger, partly because the annealing temperature is not high enough to
obtain highly crystalline carbon nanotubes, which is consistent with the results of
high-resolution transmission electron microscopy (TEM) (Figure. 8.3(f) inset.).
Additionally, it is believed that these defects may be capable of storing more sodium
ions, thus enhancing the capacity in SIBs.
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Figure 8.2 (a) Powder X-ray diffraction patterns and (b) Raman spectra of GO, SnSb-O@GS precursor, and as-prepared SnSb/CNT@GS.
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To investigate the unique morphology of the as-synthesized products, fieldemission SEM (FE-SEM) images were collected for the Sn-Sb-O precursor without
the addition of graphene in the starting material, as well as for Sn-Sb-O@GS
precursor and SnSb/CNT@GS, in Figure. 8.3 Without the addition of graphene, the
Sn-Sb-O precursor particles were aggregated together severely, as in Figure. 8.3(a).
In contrast, in the presence of graphene, the Sn-Sb-O nanoparticles were very well
separated and distributed on the graphene sheets uniformly, with the grain size of
roughly 10 nm, as shown in Figure. 8.3(b). After reduction by flowing C2 H2, we can
observe that a large number of tube-like nanostructures are anchored on the graphene
sheet, with diameters of approximately 100 nm and lengths of about 400 nm, as
shown in Figure. 8.3(c). Under high resolution SEM (Figure. 8.3(d)), the tube
presents a coaxially integrated core-shell structure that is composed of a SnSb core
and a carbon nanotube shell, which was formed during the CVD process. The TEM
images in Figure. 8.3(e) reveal that the carbon nanotubes are tightly joined to the
graphene sheet, and Figure. 8.3(f) confirms the core-shell structure of the product. It
is apparent that the thickness of the outer carbon shell is 25 nm and that the inner
black filler core is SnSb with a diameter of 75 nm. Additionally, we can see that the
carbon shell is not fully filled with SnSb, and there is a tip on the end of the tube,
which may be ascribed to the volume shrinkage of the tin and antimony during the
cooling down process [21]. This void space inside the carbon nanotube may have
benefits for the accommodation of the volume expansion of SnSb during the alloying
with sodium, thus enhancing the cycling stability. The high resolution TEM image in
the Figure. 8.3(f) inset reveals that the outer carbon layer comprises staggered,
shortened graphene-like sheets, indicating its disordered property, which is consistent
with the Raman spectrum results in Figure. 8.2(b), moreover, this less graphitic form
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of carbon could promote diffusion of Na+ into the SnSb core through the gaps in the
carbon layer, rather than entering only through the ends of the carbon nanotubes. The
energy-dispersive X-ray spectroscopy (EDS) results on the SnSb/CNT@GS in
Figure. 8.4 revealed that only C, Sn, and Sb can be observed in the samples, and the
ratio of Sn to Sb is approximately 1.3:1, which is close to the ratio in the starting
material. The carbon content in the samples was determined to be 40% by
thermogravimetric ananlysis (TGA) after the product was annealed at 900 oC in the
air, as shown in Figure. 8.5.
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Figure 8.3 FE-SEM images of (a) Sn-Sb-O precursor, (b) Sn-Sb-O@GS precursor,
and (c, d) SnSb/CNT@GS. TEM images of (e) SnSb/CNT@GS at low
magnification, and (f) a typical nanotube of SnSb/CNT@GS, where inset is a high
resolution TEM image of the outer carbon layer.
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Figure 8.4 Energy-dispersive X-ray spectroscopy (EDS) of SnSb/CNT@GS: (left)
SEM image, and (right) corresponding EDS spectrum.

Figure 8.5 Thermogravimetric analysis (TGA) of SnSb/CNT@GS annealed at 900
o

C in air.

8.3.2

Optimization of the morphology of the nanotubes

In order to optimize morphology of these nanotubes, temperature-dependent
experiments (550 oC, 600 oC, and 700 oC) were carried out under the same flow rates
(C2H2/Ar = 20 sccm/400 sccm). At the low temperatures of 550 oC and 600 oC, the
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Sn-Sb-O@GS can be fully reduced to SnSb with the assistance of acetylene, as
confirmed by the XRD results shown in Figure. 8.6. From Figure. 8.7, we can see
that the rod-like structures on the surface of the graphene sheet have begun to grow,
even in the lower temperature samples, by the decomposition of acetylene under the
catalyzing action of a Sn liquid droplet. The temperature is not high enough,
however, to decompose sufficient acetylene, thus confining the subsequent growth of
carbon nanotubes at this stage; therefore, some hemispherical structures and a tube
structure with a hollow tip can be observed in Figure. 8.7(b), with the diameter of the
tube in the range of 150 -180 nm. On increasing the temperature to 700 oC, because
there is now a sufficient carbon source, the outer carbon layer has become very thick,
and its surface is quite rough, but it is very difficult to observe the SnSb-core/carbonshell structure from the SEM image. In order to specify the details of the structure
under different annealing temperatures, TEM images were collected for two of the
samples (600 oC, 700 oC). From Figure. 8.8, we can observe that the thickness of
carbon layer has increased from 13 nm at 600 oC to 75 nm at 700 oC, and conversely,
the diameter of the inner SnSb core has become even smaller as the annealing
temperature is raised; at 600 oC, the diameter of inner core is about 160 nm, while it
has decreased to 75 nm at 700 oC, which is similar to that of the sample annealed at
650 oC, as shown in Figure 2(g). This indicates that the SnSb source on the surface of
the graphene sheets may fully filter into the interiors of the carbon nanotubes at 650
o

C due to capillary forces, so even on increasing the temperature to 700 oC, the inner

core could not grow any more due to the limited SnSb source, but the outer carbon
layer can grow thicker because of the large amount of carbon source. Based on the
above analysis, we deduced that the temperature of 650 oC may be the most suitable
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annealing temperature for the formation of the SnSb-core/carbon nanotube shell
structure.

Figure 8.6 Powder X-ray diffraction patterns of as-prepared SnSb/CNT@GS
annealed at different temperatures.

Figure 8.7 FE-SEM images of SnSb/CNT@GS annealed at (a, b) 550 oC, (c, d) 600
o

C, and (e, f) 700 oC.
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Figure 8.8 TEM images of samples annealed at 600 oC (left) and 700 oC (right).

In addition, a variety of ratios of C2H2 to Ar (10:400, 20:400, 40:400, sccm/sccm)
were also investigated at the temperature of 650 oC, with the other conditions kept
the same. The effect of the ratio of flowing gas on the morphology is almost the same
as that of the temperature. At the ratio of 10:400, due to the insufficient carbon
source, the tube structure is only halted at its initial growing stage. Some irregular
spherical structures and short rod-like structures can be found in Figure. 8.9. In
contrast, the majority of the morphology at the ratio of 40:400 is the well-defined
tubular structure; however, there are some big spheres with diameter of
approximately 1 µm that have emerged as well in Figure. 8.9 (e, f). This observation
demonstrates that the tubular morphology may be easily tailored by the amount of
flowing gas, and the ratio 20:400 of C2H2 to Ar may be the optimal ratio for the welldefined growth of the nanotube morphology.
Furthermore, considering the influence of graphene on the products, the SEM
images of a sample synthesized by the same process but without the addition of
graphene oxide in the starting material are presented in Figure. 8.10. Since the
precursor particles before the heat treatment are severely aggregated together, as
shown in Figure. 8.3(a), it is easy to speculate that the product after reduction by
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C2H2/Ar gas would aggregate into even bigger particles because of the low melting
points of Sn and Sb. The SEM image in Figure. 8.10(b) confirmed that the
morphology varied from a spherical-like, to ellipsoid-like, to a needle-like structure,
and the diameters of these structures are in the wide range of 100-500 nm. Therefore,
based on the comparison, this further proves that the graphene sheet plays a crucial
role in the formation of the tube-like structure, which not only is a good matrix for
the good separation of the SnSb nanoparticles, but also controls the growth of the
nanotubes.

Figure 8.9 FE-SEM images of SnSb/CNT@GS annealed at 650 oC with different
ratios of C2H2 to Ar (a, b) 10:400, (c, d) 20:400, and (e, f) 40:400.
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Figure 8.10 FE-SEM images of SnSb/CNT annealed at 650 oC without the addition
of GS.
8.3.3

Optimization of the electrolyte and electrochemical performance

As is well known, SnSb alloy is potentially a good anode candidate for sodium
storage. In order to understand the reaction mechanism by which SnSb alloys with
sodium ions, cyclic voltammograms (CVs) of SnSb/CNT@GS electrode were
collected at the scan rate of 0.1 mV/s in an electrolyte consisting of 1 M NaClO4 in
propylene carbonate (PC) with 5% FEC, as shown in Figure. 8.11(a). During the first
negative scan, a broad hump-shaped peak occurred at about 0.55 V, which can be
ascribed to some irreversible decomposition of the electrolyte, such as the
decomposition of FEC as reported in the literature [22], forming a solid-electrolyte
interphase (SEI) film on the surface of the intermetallic SnSb, as well as the initial
reduction of Sb to Na3Sb with Na+. Subsequently, a sharp reductive peak at 0.087 V
indicates the further sodiation of Sn alloying with Na+ and the formation of Na3.75Sn.
In the reverse positive scan, three oxidative peaks centered at 0.26, 0.66, and 0.92 V
can be observed accordingly. Based on the previous report on Sn and Sb for sodium
ion batteries [23], the two pairs of oxidative-reductive peaks at 0.92/0.58 V and
0.66/0.43V represent the two steps of Na alloying/dealloying reactions occuring on
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Sb electrode, while another pair of peaks at 0.29/0.11 V can be attributed to the
alloying/dealloying reaction between Na + and Sn electrode. Therefore, the CV results
reflect the fact that the SnSb alloy may react with Na+ in sequence, according to a
published paper on pristine Sn and Sb [24] as anode electrode for lithium/sodium ion
batteries. The overall reaction equation can be concluded as follows:
SnSb + 3Na+ + 3e-

Na3Sb + Sn

Na3Sb + Sn + 3.75Na+ + 3.75e-

(8.1)

Na3Sb + Na3.75Sn (8.2)

According to the reaction, the theoretical capacity of SnSb is 753 mAh/g (50%
Na15Sn4 (847 mAh/g) and 50% Na3Sb (660 mAh/g) ), and the reversible capacity of
graphene is about 150 mAh/g[11], so the overall reversible capacity is 511.8 mAh/g
(theoretical capacity = 753 × 60% + 150 × 40% = 511.8 mAh/g). The initial two
charge/discharge profiles of SnSb/CNT@GS electrode in the voltage window of
0.005-1.5 V and 1 M NaClO4 in PC + 5% FEC (Figure. 8.11(b)) reveal the reaction
behavior of SnSb with Na+ in sodium ion batteries. In the first discharge curve, the
sloping plateau at around 0.6 V is relevant to the formation of Sb-Na and the
decomposition of the electrolyte, and the subsequent long plateau represents the
further alloying of Na with Sn, which is consistent with the results of the CV curves,
with both of them delivering a capacity of 622 mAh/g. The first reversible charge
capacity recorded is 422 mAh/g with the initial coulombic efficiency of 62%. Three
relatively distinguishable oxidative plateaus at roughly 0.2, 0.6, and 0.8 V can be
observed, which results from the de-sodiation of Sn-Na and Sb-Na, and is similar to
the peaks observed in the CV curves.
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Figure 8.11 (a) Cyclic voltammograms (CV) of SnSb/CNT@GS electrode at the
scan rate of 0.1 mV/s, (b) initial two charge/discharge profiles of SnSb/CNT@GS
electrode in the voltage window of 0.005 - 1.5 V and in 1 M NaClO4 in PC + 5%
FEC.
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As is well known, the electrochemical performance of a sodium ion battery is
influenced significantly by the electrolytes. In this work, four kinds of electrolyte, 1
M NaPF6 in PC (NaPF6-PC), 1 M NaClO4 in PC (NaClO4-PC), 1 M NaClO4 in
PC/FEC (1:1 v/v) (NaClO4-PC/FEC) and 1 M NaClO4 in PC + 5% FEC (NaClO4PC+5% FEC) were compared in the voltage window of 0.005-1.5 V at the current
density of 100 mA/g. In Figure. 8.12, the SnSb/CNT@GS electrodes in the NaPF6PC and NaClO4-PC electrolytes exhibited higher initial discharge/charge capacity of
748/480 mAh/g and 640/424 mAh/g, respectively, compared to the performance in
the NaClO4-PC/FEC and NaClO4-PC+5%FEC electrolytes with the capacities of
560/383 and 628/422 mAh/g. The corresponding coulombic efficiency in the initial
cycle is quite similar among these four electrolytes. The coulombic efficiency for the
electrodes in the NaClO4-PC+5%FEC and NaClO4-PC/FEC electrolytes, however,
kept increasing during cycling, and then stabilized at about 96.5% from the 10 th cycle
for the former and 97.5% for the latter. The retained capacity in NaClO4-PC+5%FEC
is 396 mAh/g after 100 cycles, 77% of the theoretical capacity (511.8 mAh/g), which
is much higher than that in NaClO4-PC/FEC, 294 mAh/g. In contrast, although the
electrodes in NaPF6-PC and NaClO4-PC can achieve high initial capacities, the
capacity decays drastically after 15 cycle, which is followed by failing to contribute
any capacity from the 50th cycle. Accordingly, the coulombic efficiency first
decreased to 64% and 58% for NaPF6-PC and NaClO4-PC at the 20th cycle, and then
went back to nearly 90% due to the equally low charge and discharge capacity after
50 cycles. The obviously different cycling behavior in these electrolytes with or
without FEC can be attributed to the significant effect of FEC on the electrode, and
the reason based on previous reports could be [25] that the PC solution can keep
reacting with Na electrode to form the sodium propyl carbonate. This continual
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formation will then consume the electrolyte solution, resulting in poor cycling
performance. When a small amount of FEC is added, the decomposition of FEC can
form a film and will passivate the Na deposited in the FEC solution, which
suppresses the unfavorable side reactions between Na and the PC solution.
Additionally, however, a large proportion of FEC in the electrolyte solution may not
be desirable. Although the coulombic efficiency increased by 1%, the capacity
decreased simultaneously, as shown in Figure. 8.12(c). Therefore, according to the
above discussion, we speculate that the electrolyte consisting of 1 M NaClO4 in PC
with 5% FEC could be the most favorable one for the SnSb electrode in the terms of
enhancement of the electrochemical performance of sodium ion batteries.
Electrochemical impedance spectroscopy (EIS) was conducted to further investigate
the stability of the electrolyte and the conductivity of the electrode, as shown in
Figure. 8.13. The Nyquist plots of the SnSb/CNT@GS electrodes in four different
electrolytes were examined after 5 charge/discharge cycles from 10 mHz to 100 kHz.
It is obvious that in the high frequency region of the Nyquist plots, the electrodes in
the FEC-free electrolytes display an enlarged semicircle after 5 cycles compared to
the ones in the FEC-additive electrolytes, reflecting a continuously growing SEI film
and the charge transfer resistance (Rct) for the former, while the SEI film can remain
stable and ionic conductive in the FEC-additive electrolytes [25]. These observations
are in good agreement with the cycling performance in Figure. 8.12 The EIS spectra
and the corresponding equivalent circuit simulation values of the EIS spectra after
fitting are presented in the Figure.8.13 and Table 8.1.
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Figure 8.12 Cycling performances of SnSb/CNT@GS electrodes in the different
electrolytes: (a) 1 M NaPF6 in PC, (b) 1 M NaClO4 in PC, (c) 1 M NaClO4 in
PC/FEC (1:1 v/v) and 1 M NaClO4 in PC with 5% FEC, in the voltage window of
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0.005-1.5 V at the current density of 100 mA/g, (d) the corresponding coulombic
efficiency of the SnSb/CNT@GS electrodes in the four kinds of electrolytes.

Figure 8.13 EIS spectra of the SnSb/CNT@GS electrodes after 5 charge/discharge
cycles in different electrolytes between 10 mHz and 100 kHz. The inset contains an
enlargement of the indicated region, and the equivalent circuit used for analysis is
shown below.
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Table 8.1 Resistance values of the electrodes after 5 charge/discharge cycles in the
four electrolytes after fitting.
1 M NaClO4

1 M NaPF6 PC 1 M NaClO4 PC

PC/FEC

1 M NaClO4
PC+5%FEC

Rs (ohm)

5

12.6

18.3

8.5

Rct (ohm)

172

444

222.7
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To investigate the functions of graphene on the electrochemical performance of
the SnSb electrode, a sample was prepared by the same procedure as for
SnSb/CNT@GS but without the addition of graphene in the starting materials.
Figure. 8.14(a) compares the cycling capability of the electrodes with and without
the addition of graphene at the current density of 100 mA/g in the electrolyte with 1
M NaClO4 in PC + 5% FEC. It can be seen that the electrode with graphene
exhibited a significantly higher capacity compared to that of the graphene-free
electrode. The capacity retention for the electrode with graphene at 100 cycles was
360 mAh/g, which is 85 % of the discharge capacity at the 2nd cycle. Although a
large irreversible capacity loss was observed in the first cycle, the reversibility of the
capacity was significantly improved afterwards, with an average coulombic
efficiency of about 96.5% up to 100 cycles. In contrast, the capacity for the electrode
without graphene faded quickly to 167 mAh/g in the 80th cycle, accounting for 53%
of the capacity at the 2nd cycle, and the coulombic efficiency was about 95% after the
first cycle, which is slightly lower compared to the electrode with graphene, while
the low coulombic efficiency later on will cause poor cycling performance.
The rate capability of the electrode with and without graphene is presented in
Figure. 8.14(b). The trend for these two electrodes is similar to the performance in
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Figure. 8.14(a). Specifically, the electrode with graphene obviously delivered
average capacity of 422, 355, 301, 278 and 268 mAh/g at the rates of 100, 200, 500,
750 and 1000 mA/g, and these values correspond to 87%, 73%, 63%, 58% and 56%
of the capacity at the current density of 50 mA/g, respectively. When the current
density was returned to the 50 mA/g, the capacity could almost completely recover,
indicating good cycling performance, which is in good agreement with the results as
presented in Figure. 8.14(a). In contrast, the electrode without graphene exhibited
poor rate performance. The average capacity value recorded is 70%, 65%, 58%,
47%, and 44% of the capacity at 50 mA/g (384 mAh/g) at the above rates. The
corresponding voltage profiles at different rates for both samples are presented in
Figure. 8.15. With increasing current density, the polarization of the electrode
without graphene is higher than that for the sample with graphene, in agreement with
the results in Figure. 8.14(b). The reason why the sample with the addition of
graphene has better electrochemical performance can be ascribed to the high
conductivity of the graphene, which can further enhance the conductivity of the
entire electrode, and its unique layer structure, which not only can confine the growth
of the nanoparticles on its surface, but can constitute a good matrix that can separate
the nanoparticles uniformly, thus reducing the aggregation of the SnSb alloy upon
cycling.
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Figure 8.14 (a) Cycling performance and corresponding coulombic efficiency at the
current density of 100 mA/g, and (b) rate performance at different current densities
of SnSb/CNT@graphene and SnSb/CNT between 0.005-1.5 V in 1 M NaClO4 with
PC + 5% FEC.
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Figure 8.15 (a) Voltage profiles of SnSb/CNT@graphene at different current
densities, and (b) the corresponding voltage profiles of SnSb/CNT, between 0.0051.5 V in 1 M NaClO4 with PC + 5% FEC.
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8.4

Conclusion

In summary, we have designed SnSb-core/carbon nanotube shell nanostructures
anchored on graphene sheets through the hydrothermal method, and simultaneous
carbon coating and reduction of Sn-Sb-O particles. In order to obtain uniform carbon
nanotubes on the surface of graphene sheets, a series of temperature-dependent and
flow rate-dependent experiments were conducted in this work. The annealing
temperature of 650 oC and the flowing gas ratio of 20:400 (sccm/sccm) of C2H2 to Ar
are the optimal conditions for the formation of carbon nanotube. The sample in 1 M
NaClO4 with PC + 5% FEC exhibited the best electrochemical performance
compared to the samples in other three electrolytes, with the retained capacity of 360
mAh/g after 100 cycles, and the sample with the addition of graphene presented
better electrochemical performance than the sample without graphene. The good
electrochemical performance can be attributed to the proper proportion of FEC in the
electrolyte, which can prevent the decomposition of the PC during cycling. It can
also be attributed to the addition of graphene, which not only possesses high
conductivity, but also can be a good matrix for the good distribution of nanoparticles
on the surface, and to the outer carbon layer on the SnSb, which can maintain the
structural integrity and enhance the electronic conductivity as well. Therefore, these
SnSb-core/carbon nanotube shell structures anchored on graphene can be considered
as a potential anode material for sodium ion batteries.
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CONCLUSIONS AND OUTLOOK

During my doctoral study, four kinds of alternative anode materials for LIB
including germanium, cobalt oxide, manganese oxide, nickel oxide and one
candidate material for SIB, SnSb have been investigated. The candidate materials
with unique nanostructures were synthesized by facile methods. Composites of
materials

with

carbon

source

such

as

manganese

oxide/graphene

and

germanium/carbon were also investigated. The as prepared electrode materials show
improved electrochemical performance due to their unique nanostructure which can
maintain the structural integrity and enhance the electronic conductivity of the entire
electrode, thus enhancing the electrochemical performance.
Mesoporous and hollow germanium@carbon nanostructures (Ge@carbon) were
designed through simultaneous carbon coating and reduction of a hollow ellipsoidal
GeO2 precursor. The precursor was prepared through a facile one-pot ultrasonication
method. Furthermore, we investigated the formation mechanism of the GeO2
ellipsoids and found that controlling the ratio of Ge4+ to Sn4+ generates different
hollow volumes. The hollow ellipsoidal Ge@C-1 sample exhibits better cycling
stability (100% capacity retention after 200 cycles at the 0.2 C rate) and higher rate
capability (805 mAh/g at 20 C) than the solid ellipsoidal sample (Ge@C-3). The
excellent electrochemical performance can be ascribed to the unique hollow
structure, which provides more voids and pores for accommodation of volume
expansion, as well as the uniform carbon film on the surfaces of the Ge
nanoparticles, which maintains their structural integrity and enhances the electronic
conductivity of the whole electrode; therefore, this hollow ellipsoidal Ge@carbon
structure can be considered as a potential anode material for lithium ion batteries.
239

Hydrothermal route were implemented to prepare Co(OH)F hierarchical
micro/nanostruc-tures that are assembled from smaller building units of singlecrystalline nanoneedles. The effects of the hydrothermal reaction time on the
morphology of the precursors have been investigated in detail. With this synthetic
route, the precursor Co(OH)F compound was actually obtained through a gradual
morphological evolution from single hexagonal microplates, to nanodiscs assembled
on microplates, to hierarchical nanoneedles assembled on star-like microplates, and
finally to the flower-like circular microplates. Using this solid precursor, we have
also successfully prepared star-like Co 3O4 nanoneedle arrays via direct thermal
decomposition in air at 350 °C. As the anode material for lithium ion batteries, the
star-like Co3O4 electrode exhibited highly reversible capacity, with specific charge
capacity of 1036 mAh/g in the first cycle at the current density of 50 mA/g, and by
100 cycles, the retained capacity was nearly 100 %. On increasing the current density
to 500 mA/g and 2 A/g, the capacities were 995 and 641 mAh/g after 100 cycles. In
addition, a capacity of 460 mAh/g could still be obtained at the even higher current
density of 10 A/g. The excellent electrochemical performance of the Co3O4
electrodes is proposed to be due to the porous interconnected hierarchical
nanostructures, which prevent the small particles from agglomerating and buffer the
volume change during the discharge/charge process.
Mn3O4-embedded graphene sheet nanocomposite was directly prepared from GO
via a facile, effective, energy-saving, and scalable microwave hydrothermal
technique. The Mn3O4 particles in the nanocomposite, directly growing on the
surface of the graphene sheets, interact with each other intimately, so that the
nanocomposite exhibits better electrochemical properties than the bare sample,
including a high reversible specific capacity of more than 900 mAh/g at 40 mA/g.
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Even at a high current density of 1000 mA/g, this material still can achieve an
acceptable capacity of 400 mAh/g. In addition, the most attractive property of this
nanocomposite should be its extraordinarily cycling stability, with no decay in
capacity for up to 50 cycles. The theoretical calculations further give evidence that
there is charge transfer between the graphene and the Mn3O4 nanoparticles. The GSMn3O4 nanocomposite fabricated by such an energy-saving microwave hydrothermal
technique could be considered as a candidate anode material in future larger scale
energy storage devices. In the terms of supercapacitor, the capacitance was raised
from 87 F/g for the bare Mn3O4 to 153 F/g for the nanocomposite in the presence of
graphene oxide at the scan rate of 5 mV/s. Moreover, the capacitance for the
composite electrode reached 315 F/g at 300 cycles and remained stable up to 1000
cycles at the scan rate of 10 mV/s. The possible reasons for the capacitance increase
during electrochemical cycling can be ascribed to: (1) Mn(II,III) was gradually
oxidized to Mn(IV) in the electrolyte during cycling, which has been proved by XPS
analysis in this paper. The Mn(IV) further deposited as MnO2 will increase the
capacitance due to its higher electric conductivity. (2) The ideal structure, in which
the Mn3O4 nanoparticles were deposited on, and further attached intimately to
graphene sheets, can enhance the electronic conductivity of the whole composite and
prevent the possible detachment of Mn3O4 from the graphene sheets during cycling.
Single crystalline NiO nanocuboids was prepared through a vapor-solid process
using an optical floating zone furnace. The nanocuboids have smooth surfaces, sharp
edges, high crystallinity, and are between 5 and 80 nm in size. We found that the
single crystallinity of the nanocuboids was destroyed after going through a few
charge/discharge cycles, which is due to the nature of the conversion reaction.
Furthermore, the higher specific capacity compared to the theoretical capacity is due
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to the nanosized nature of the NiO and the ability of transition metal oxides to store
lithium through interfacial charge separation and the formation of a reversible
polymer/gel layer. However, further study is required to fully understand the reasons
behind the extra capacity. Last but not least, we have shown that addition of a small
amount of FEC to the electrolyte would help in improving the cycling stability, and
most importantly, increasing the rate performance of the NiO nanocuboids. Both the
synthesis method and the FEC additive into the electrolyte could be applied to other
transition metal oxides.
SnSb-core/carbon nanotube shell nanostructures anchored on graphene sheets were
designed through the hydrothermal method, and simultaneous carbon coating and
reduction of Sn-Sb-O particles. In order to obtain uniform carbon nanotubes on the
surface of graphene sheets, a series of temperature-dependent and flow ratedependent experiments were conducted in this work. The annealing temperature of
650 oC and the flowing gas ratio of 20:400 (sccm/sccm) of C2H2 to Ar are the
optimal conditions for the formation of carbon nanotube. The sample in 1 M NaClO4
with PC + 5% FEC exhibited the best electrochemical performance compared to the
samples in other three electrolytes, with the retained capacity of 360 mAh/g after 100
cycles, and the sample with the addition of graphene presented better electrochemical
performance than the sample without graphene. The good electrochemical
performance can be attributed to the proper proportion of FEC in the electrolyte,
which can prevent the decomposition of the PC during cycling. It can also be
attributed to the addition of graphene, which not only possesses high conductivity,
but also can be a good matrix for the good distribution of nanoparticles on the
surface, and to the outer carbon layer on the SnSb, which can maintain the structural
integrity and enhance the electronic conductivity as well. Therefore, these SnSb242

core/carbon nanotube shell structures anchored on graphene can be considered as a
potential anode material for sodium ion batteries.
In this thesis, the materials with unique nanostructured morphology, high capacity,
and good cycling stability have been prepared via facile, low-cost methods such as
hydrothermal method, CVD, co-precipitation, etc. These synthetic methods and
technique and optimized conditions can also be applied to other potential electrode
materials both in lithium ion battery and sodium ion battery. Specifically, carbon
source being introduced into the material’s preparation has positive effect on the
improvement of electrochemical performance, and the technique for carbon coating
that was applied in this work may be able to provide a clue for further relative
research work. The materials with specified morphology was carefully controlled and
synthesized successfully in the work, and it also can be applied to other candidate’s
preparation. However, the nanostructured materials due to its small size and critical
preparation conditions is difficult to scale-up, and the small size also can lead to the
secondary electrolyte decomposition and lower packing density for practice
applications.
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